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Chapter 1 
General Introduction 
An outstanding feature of enzymes is their ability to catalyze chemical 
transformations in an enantioselective manner. This is achieved by a process 
of recognition: from a great variety of substrates only one is selected by the 
biocatalyst and converted into product. It is generally accepted that the 
active site of the enzyme has a structure complementary to that of the 
transition state of the reaction to be catalyzed. 
Currently, considerable effort is focussed on designing organic molecules 
capable of recognizing other molecules1 >2·3-4 with the aim of developing 
enantioselective catalysts according to the principles of enzymes. Previous 
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studies by Smeets5 and Sybesma6 have provided synthetic routes to basket-
shaped receptors 1 and molecular clips 2 It has been shown that these host 
molecules can bind alkali metal ions5 and (di)-hydroxyaromatic compounds 7 
Receptor 1 was used to construct a catalyst which displayed substrate 
selectivity in hydrogénation and isomerization reactions 8 Another catalyst 
based on 1 showed large rate enhancements in the oxidation of substrates 
bound in its cavity 9 
The aim of the work described in this thesis was the development oí 
enantwselective supramolecular catalysts In Chapter 2 a short introduction 
is given of the field of supramolecular chemistry A number of molecular 
receptors are described together with their binding properties Some 
representative examples of supramolecular catalysts are also given in this 
chapter The performance of our chiral supramolecular catalysts was tested 
in three different reactions The literature concerning these reactions is 
given at the end of Chapter 2 
In Chapter 3 the synthesis of a series of receptors functionalized with chiral 
substiluents in the aza-crown ether rings (>NR*) are described Binding 
experiments with these hosts and (di)-hydroxyaromatic guests are reported 
in Chapter 4 This chapter also includes experiments in which the chiral 
receptors are used as catalysts in a Michael type addition reaction They 
were also tested as catalysts in two other reactions viz a hydrocyanation 
reaction (Chapter 5) and the Bayhs-Hillman reaction (Chapter 6) In Chapter 
7 a detailed conformational analysis of the structures of the chiral receptors 
in solution is presented Some results of molecular dynamics calculations are 
also discussed Finally, preliminary results of an X-ray analysis of a chiral 
basket-shaped receptor are presented 
A second type of chiral host based on clip 2, is described in Chapter 8 Here 
the chirahty is due to the presence of substituents on the aromatic walls of 
2 Racemate resolution and the formation of diastereomenc complexes are 
presented The chiral clip was functionalized with oxaethylene crown ether 
rings to give a chiral basket-shaped host the binding properties of which are 
described in Chapter 9 
In conclusion, Chapter 10 deals with preliminary studies used to obtain 
derivatives of 1 with Lewis acid sites 
Chapter 1 
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Chapter 2 
Literature Survey 
2.1 Introduction 
Catalysts in nature are very efficient and highly specific Enzymes, for 
example, exhibit structural, regio and stereo-specificy The origin of these 
features is believed to lie at the molecular level As it was formulated by 
Dugas "if bond-breaking or bond-forming reactions are to be performed on a 
specific starting material, then a suitable specific catalyst capable of 
recognizing the substrate must be "constructed" around that substrate In 
other words a substrate molecule and the specific reaction it must undergo 
must be translated into another structure of much higher order whose 
information content perfectly matches the specifically planned chemical 
transformation " ' 
The exact way enzymes achieve the above described features is very much 
a matter of controversy today However, there is a general agreement about 
the following concepts (ι) the making and breaking of bonds by an enzyme 
are preceded by the formation of an enzyme-substrate complex, (к) the 
region of the enzyme where the substrate is bound is called the active site 
Active sites are clefts or crevices, (in) the transformation is catalysed by 
catalytic groups at the active site which are orientated in space in such a 
way that the energy of the transition state is lowered, (iv) the presence of 
chirahty in enzymes allows for enantioselective catalysis ' 
Enzymes are large macromolecular structures Much smaller and 
structurally more simple compounds have been shown to be able to bind 
other molecules These binding phenomena have been explored to achieve 
enzyme-like catalysis In this survey we will review some of the main 
classes of receptors reported in the literature and discuss the binding 
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properties of these molecules. Emphasis will be on the topology of the 
receptors in relation to the guests they bind. Secondly some of the 
achievements made in catalysis according lo the above enumerated 
principles will be discussed.3 
In the last section of this Chapter three reactions will be surveyed viz a 
Michael addition, a hydrocyanation reaction, and the Baylis-Hillmann 
reaction. These reactions were chosen to test if the chiral receptors described 
in this thesis can function as enantioselective catalysts. 
2.2. Topology and function. 
Cylodextrines, crown ethers, cyclophanes, and molecular clefts 
Host compounds supplied by nature itself are the cylodextrines, which are 
cyclic oligomers of glucose. In 1950 Schlenk 2 introduced the name 
"Einschlussverbindung", to express that inclusion of a molecule in Ihc interior 
of these cylodextrines can take place. For example, addition of p-xylene to a 
solution of /3-cyclodextrine yields a complex as depicted in Figure 1 The 
driving forces for complex formation are believed to be favourable 
hydrophobic interactions that occur between host and guest in water as 
solvent 
Major synthetic efforts to obtain synthetic hosts were initiated by the 
discovery of the crown ethers by С J. Pedersen. He found that these 
macrocyclic polyethcrs can form stable complexes with salts of alkali and 
alkaline earth metals. 3 For example 18-crown-6 is able to form a complex 
with a potassium ion (Figure 2). 
a
 The field concerning cnzymc-likc catalysis can be roughly divided into two categories 
depending on the background of the chemist involved1 (() design of enzyme mimics 
The main objective here is to gain a better understanding of the enzyme involved, (n) 
the design of novel receptors for which no biotic equivalents exist Molecular systems 
belonging to both (<) and (u) can be considered to be supramolecular catalysts This 
generally accepted term originates from J M Lehn"* "Bindung eines Substrates an 
se inen R e z e p t o r erg ibt ein U b e r m o l e k u l , wobei e ine m o l e c u l a r e E r k e n n u n g 
Voraussetzung ist. Sofern der Rezeptor neben der Bindung noch reactive Functionen 
ausüben kann, kann er am gebundenen Substrat eine chemische Umwandelüng 
aus losen und sich daher wie ein supramoleku la re r Reagens oder wie ein 
supramolekularer Katalysator verhalten 
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Figure 1. Complex formation between p-xylene and a cylodextnne. 
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Figure 2. Complex formation between 18-crown-6 and a potassium ion. 
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Figure 3. a) A cryptand and b) a spherand. 
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The metal ion is complexed due to ion-dipole interactions with the oxygen 
atoms of the ring The crown ethers were subsequently embroadened by J M 
Lehn, who made 3-dimensional analogues which he called cryptands (Figure 
3a) Complexes of the latter molecules with metal ions, called cryptâtes, 
generally have higher stabilities than crown ethers and also show a more 
pronounced selectivity 2 D J Cram5 found that even higher stabilities can be 
obtained, with spherands (Figure 3b) designed according to his "principle of 
preorganization" The latter means that the conformation of the host which is 
most favourable for binding, is fixed during synthesis and nol during ihe 
process of complexation of the guest Compounds are designed that only exist 
in one conformation 
J R Rebek6 argued that macrocyclic compounds often have disadvantages 
with respect to their application in molecular recognition and catalysis 
Functional groups attached to macrocycles tend to diverge away from a 
substrate held within the host That is, they fail to focus a catalytically useful 
functionality on a substrate in the same way as enzymes or antibodies do 
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Therefore he abandoned this type of compounds and settled upon the 
development of molecular clefts The U-shape of these molecules allowed for 
example for molecular recognition of adenine through a complicated 
hydrogen bonding array (Figure 4) 7 
Variation of the building blocks used to construct the above described 
hosts make it possible to bind different types of guest, ι e cationic, neutral, or 
anionic Three examples are given in Figure 5 8 · 9 
a b 
Figure 5.a) Macrocychc and macrobicychc hosts that contain tin atoms 
as Lewis acid binding sites for the complexation of anions b) An 
U-shaped receptor containing two boron atoms for the complexation of 
5-methylpynmidine 
From the beginning of host-guest chemistry it was recognized that the 
incorporation of chiralitv could yield hosts capable of enantwselective 
complexation Cram incorporated homochiral 2,2'-dihydroxy-l,l '-binaphtyl 
functions in crown ethers (Figure 6) 1 0 · ' ' 
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Figure 6 (a)Chiral host containing two binaphtol moieties (b) (D)-amino-acid salt (left) and 
its complex with the R,R-host (right) 
With these molecules it was possible to preferentially extract (D)-amino 
acids from solutions containing racemic mixtures of amino acids Since then 
in nearly every type of host molecule chirality has been introduced1 2 '1 1 
2.3 Hosts as catalysts 
In this section we will discuss a few examples of receptors that function as 
catalysts according to (some of) the principles mentioned in the Introduction 
Using chiral crown ethers both Cram1 4 and Lehn1 5 have constructed 
"artificial enzymes" displaying molecular complexation, rate acceleration and 
structural and chiral discrimination As substrates organic salts were used 
Recently, attention has been more focussed on the use of neutral molecules 
as substrates An example of a synthetic system containing several catalytic 
groups orientated in space was reported by Mandolini and U n g a r o l 6 T h e 
banum(II) complex of p-íerí-butylcalix[4]arene-crown-5 (Figure 7) was 
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found to be a fairly efficient transacylation catalyst in the methanolysis of p-
nitrophenyl acetate The parent compound itself is not catalytically active 
The acetylated form of the banum(II) complex is an intermediate on the 
catalytic pathway 
Figure 7. p-ferf-Butylcalix[4]arene-crown-5 
Diedench has combined a catalytic group with a cavity 17 The macrocyclic 
host of Figure 8a, containing a thiazolium group, was shown to catalyze the 
benzoin condenzation of two molecules of benzaldehyde For the 
supramolecular system the initial rate was 11 times that of a non-macrocylic 
thiazolium salt derivative (Figure 8b) 
A system that allows for a more defined positioning of two reactants was 
recently reported by Sanders et a l 1 8 A porphyrin tnmer was shown to be 
able to bring two substrate molecules in close proximity (Figure 9a) One of 
the pitfalls ol synthetic systems was pointed out by these authors ' a key 
feature of enzymes is their ability to bind transition states and intermediates 
more strongly than substrates or products Completely synthetic molecules 
often fail to reproduce this ability fully due to inhibition by strongly-bound 
products Therefore, Sanders et al chose a transfer reaction A+BC -> AB+C 
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Et+HN 
/ N " / r u O ( C H z ) 6 
сн2 с-ОД*/ р Н з 
, 0 M * C " C H 2 — м + 
(СНа) 
NH+Et 
СНО 
О СН3 
PhCH2NHC(0)CH2. Α ^ + Ν \ 
PhCH2NHC(0)CH/ \L 
о он 
Figure 8а) Macrocyclic host containing a thiazohum group b) Benzoin 
condensation catalyzed by a non macrocyclic-denvative 
b 
OH 
Ac. 
N' 
^ 
N 
OAc 
H 
^ 
N 
Figure 9a)Tetrahedral intermediate of the 
reaction under lb) bound inside the cavity of 
a porphyrin trimer, b) Acyl transfer reaction of 
type A+BC —AB+C 
Chapter 2 1 3 
(Figure 9b) to demonstrate catalysis and turnover with their host The 
porphyrin trimer showed an initial rate increase of a factor 16 over the 
uncatalyzed reaction 
A rhodium(I) metallohost (Figure 10a), which can function as a substrate 
selective catalyst, has previous been synthesized in our own group by Coolen 
et al ' 9 A clear correlation was found between the rate of substrate 
conversion and the association constant for binding of the substrate in the 
cleft of the supramolecular catalyst. Martens et al .2 0 have developed a 
copper(I) metallohost (Figure 10 b) which is very effective for the oxidation 
of benzylic alcohols possessing hydroxyl functions It is believed that the 
latter alcohols are bound in the cavity of the metallohost and are oriented in 
the correct position with respect to the copper centers. 
Figure 10 a) Rhodium(l) metallohost. b) Copper(l) metallohost 
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Figure 11. A selective aromatic substitution reaction catalyzed by a-cyclodextrine 
Of the eighteen hydroxyl groups that ring the mouths of the cavity, one is shown 
as the hypochlorite ester 
An early example which elegantly shows the effect of the shape ot a host 
on the course of a reaction was presented by Breslow (Figure l l ) 2 1 
Addition of HOC1 to anisóle in the presence of an excess of a-cyclodextr ine 
resulted in 96% chlonnation at the para position of the anisóle ring Without 
addition of a cyclodextnne the para/ortho substitution ratio was 
approximately 60 40 The regiospecificity obtained in this reaction is due to 
two effects (f) in the cyclodextnne complex the ortho positions are blocked 
but the para position is free (n) the hydroxyl groups of the cylodexlnne 
catalyze the chlonnation The authors suggest that one of the hydroxyl 
groups that ring the mouth of the cavity is converted to its hypochlorite 
ester The latter delivers a chlorine in the para position of the bound anisóle 
More recently trimeric porphyrin hosts were used to change the 
stereochemical course of a Diels-Alder reaction 2 2 
To the best of our knowledge enantioselective bond formation between 
neutral molecules catalyzed by synthetic receptor molecules has not yet 
been reported in the literature 
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2.4 Catalysts for the test reactions described in this thesis. 
Michael addition reaction 
Alkaloids have been succesfully employed as asymmetric catalysts for the 
Michael addition of aromatic thiols to conjugated cycloalkenones For 
example, quinine catalyzes the addition of p-ierf-butylthiophenol to 2-
cyclohexen-1-one with e e 's up to 62 % 2 3 
О 
t-Bu—Í У - SH + / \ = 0 t-Bu—<^  у— s—¿ \ 
Detailed studies have shown that the alkaloids function as bifunctional 
catalysts 
Hydrocyanation reaction 
A wide variety of natural products or semi-synthetic derivatives thereof 
have been used as chiral catalysts for the hydrocyanation reaction 
OH 
HCN 
^ ,r^H ^ // -H CN 
The addition of hydrogen cyanide to benzaldehyde in the presence 
oxynitnlases (flavoproteins) yields enantiomencally pure p r o d u c t s 2 4 
I n o u e 2 5 and Jackson2 6 showed that a similar enantioselectivety can be 
achieved with a cyclic di-peptide constructed from the amino acids L-
phenylalanme and L-histidine 
Hydrocyanations have also been carried out with chiral Lewis acids 2 7 ·28 
and with chiral bases, eg quinine 2 9 - 3 0 , as catalysts With the alkaloids only 
moderate e e -values were obtained 
An example of a supramolecular catalyst in the hydrocyanation reaction is 
the cyclodcxtrine molecule 3 1 Several aldehyde//J-cyclodextnne inclusion 
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complexes were prepared and stirred with an excess of liquid hydrogen to 
yield cyanohydnns in moderate to good yields with e.e-values ranging from 
0-33% It was suggested that the cyclodextnne acts as a bifunctional catalyst 
in this reaction (see Figure 12). 
O - H 
MeO. 
\ // 
OH 
-Ç-H 
CN 
{-HS) 
Figure 12. Bifunctional catalyses by a ß-Cyclodextrine for a hydrocyanation 
reaction as proposed by Jackson. 
Baylis-Hillman reaction 
The base catalyzed reaction of activated α,β-unsaturated esters, aldehydes, 
etc with appropriate electrophiles is called the Baylis-Hillman reaction , 2 
w 
H X 
Base 
RCHO 
R 
I 
CHOH 
X = CHO, C02R, COR, CN. 
In reports dealing with this reaction l,4-diazabicyclo[2,2,2]octane (DABCO) is 
usually mentioned as the catalyst, but Drewes 1 2 found that 3-hydroxy-
quinuchdine (3-QDL) is superior over DABCO A possible explanation for the 
latter observation is that 3-QDL stabilizes the transition state by forming a 
hydrogen-bond with the α,β-unsaturated carbonyl compound 
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Not many papers have been published in the literature in which chiral 
bases are used as catalysts in the Bayhs-Hilman reaction Several alkaloids of 
the quinine family were tested by Drewes "" He obtained a maximum of 12 % 
e e for the reaction between acetaldehyde and methyl acrylate catalyzed by 
quinidine In our own group several alkaloids were tested as catalysts for 
the hydroxyalkylation of acetonitnle with benzaldehyde A maximum e e 
value of 15% was found when brucine or strychnine was used λΛ 
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Chapter 3 
Synthesis of Receptors Functionalized with 
Chiral Aza-crown Ether Rings 
3.1 Introduction 
In principle, chiral receptor molecules can be synthesized by three 
strategies: (/) resolution of racemic molecules, (ii) enantioselective synthesis, 
and (iti) stereospecific synthesis starting from chiral precursors. The chiral 
receptors described in this chapter are synthesized using the third approach: 
two chiral amines are incorporated in the crown ether rings of 1. This allows 
for facile derivatization since amines and especially amino alcohols form an 
inexpensive and readily available source of chirality. All chiral compounds 
except one could be synthesized using amines that are c o m m e r c i a l l y 
available in an optically pure form. 
3.2 Results 
The synthetic methods used to prepare receptors 1 are depicted in Scheme 
1. Starling compound is the concave molecule diphenylglycoluril 2 which can 
be assembled from benzil and urea.' Treatment of 2 with paraformaldehyde 
and sodium hydroxide in DMSO and subsequent acidic workup yielded 3 . 2 
Acetylation of the cyclic ether 3 in АсгО/TFA gave 4 . 3 1 ,4-Bis [2-(2-
chloroethoxy)ethoxy]benzene was synthesized by alkylation of hydroquinone 
with the tosylate of 2-(2-chloroethoxy)ethanol in DMF. 3 If less than two 
equivalents of the latter compound are used the mono and bis-alkylated 
products can be easily separated over a short column of basic alumina using 
toluene as the eluent. Alternatively, in the case of more than two equivalents 
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of the tosylate, the excess reactant can be hydrolyzed by stirring the reaction 
mixture in CH2CI2 with neutral alumina (Activity ¡) for 24 hour s 4 
Tetrachloride 5 was obtained by the amidoalkylation of 4 with two 
equivalents of the afore mentioned l ,4-bis[2-(2-ch!oroethoxy)ethoxy]-
benzene 3 
Previously, receptor la was synthesized from 5 and benzylamine applying 
0 02 M solutions of 5 in DMSO 5 Under these conditions several by-products 
were obtained that could only be removed by tedious separation procedures 
on relatively small samples using long Sephadex columns These by-products 
are formed because the ring closure reaction does not go to completion 
because additional molecules of the amine react with 5 to give secondary 
amines We also suspected that the oxidative properties of the solvent DMSO 
caused the formation of by-products We therefore developed an alternative 
method based on the procedure used by Dale 6 The reaction was performed 
in acetonitnle under dilute conditions (eg solutions containing 0 01-0 001 M 
of 5), and the amine was added to the reaction mixture over a period of 
days This procedure yielded much cleaner products in high yields Only in 
case of l e a substantial amount of by-product containing three amine 
moieties was obtained For this compound ring closure may be somewhat 
hampered due to the presence of a rigid phenyl group on the α-carbon atom 
of the amine As catalysts for the reactions Nal and K 2 C 0 3Were used 
Nucleophihc attack of the amine is facilitated when the chlorine is 
substituted in situ by an iodine The potassium carbonate acts as a base for 
the deprotonation of the amine once the secondary amine is formed In 
addition the alkali metal ions present in solution act as a template for the 
formation of the crown ether rings 7 This is supported by the observation 
that 5, which is not very well soluble in acetonitnle at room temperature, is 
completely dissolved when sodium iodine is added Apparently 5 is present 
as a sodium iodine complex in acetonitnle solution 
The receptors could be separated on TLC plates but excessive tailing 
occurred when 10% МеОН/СНСІз was used as the solvent The same 
behaviour was observed when the product was purified over silica gel 
columns using this solvent system Only = 40 % of the product could be 
recovered A fraction ot the receptor molecules is probably irreversibly 
bound to strong Lewis acid sites on the silica gel When a small amount of 
Et3N was added to the solvent system, tailing was prevented and practically 
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all material could be recovered after column chromatography Using this 
procedure receptors l a , l h . a n d l i could be purified completely For the 
other receptors a problem remained as the Rf-values of the product and 
contaminations were very similar Larger differences in Rf-values could be 
achieved by impregnating the TLC-plates and the silica gel columns with 
NaBr or KBr "* In this way the product is chromatographed as the alkali metal 
salt complex which leads to a much higher mobility KBr plates gave for all 
the receptors the largest differences in Rf-values between product and 
contaminations This is in accordance with the fact that larger binding 
constants are found for the complexes between the receptors and potassium 
than for the receptors and sodium 5 Excellent separations could be achieved 
for all receptors using 10 % МеОН/СНСІз as the solvent system A drawback 
of this procedure is that only = 40-60 % of the material can be recovered 
after chromatography 
After purification the receptors were taken up in CHCI3 and washed several 
times with demincralized water to remove the salts For some of the 
receptors the separation of the organic and water layer turned out to be 
troublesome This problem could be circumvented by washing the organic 
layer twice with an 1 N K2CO3 solution and subsequent washing with 
demineralized water After chromatography the product probably contains 
small acidic silica gel particles which are removed by washing with the basic 
solution 
3.3 Experimental section 
G e n e r a l ^H-NMR spectra were recorded on a Bruker AM 400 or a Bruker 
WH-90 spectrometer Mass spectra were recorded on a VG 7070 E 
spectrometer Infrared spectra were recorded on a Perkin Elmer 298 
spectrophotometer Optical rotations were measured on a Perkin Elmer 241 
Polarimeter Elemental analyses were carried out in the microanalytical 
department of the University of Nijmegen Melting points were determined 
on a Reichert Thermopan microscope and are uncorrected For column 
chromatography Merck silica gel 60, 60H and Aluminium oxide 60 (basic) 
from Meick were used and for TLC pre-coated silica gel F254 plates 
Acetonitnle was dried on 4 Â molecular sieves prior to use n-Hexane was 
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distilled prior to use All amines except S( + )-3-aminobutan-l-ol were 
commercial samples and used as received 
(S)-(+)-3-Aminobutan-l-ol. This compound was synthesized from (S)-(-
)-]-phenylethylamine and ethyl crotonate as described in the literature^ 
with the exception that ElOAc/n-Hexane (1 2) was used as eluens to separate 
the diastereomers of ethyl-3-/V-[ 1 - ( S ) - m e t h y l b e n z y l ] a m i n o b u t y r a t e by 
column chromatography S(+)-3-aminobutan-l-ol Rf=0 05 (EtOAc/n-hexane 
(50/50)), [ a ] D 2 0 = 1 2 0° (c=l 4, EtOH) Spectral data were in agreement with 
a 
reported values for racemic 3-aminobutan-l-ol 
Compound 2 was synthesized according to a method published previously 2 
Compounds 3, 4, and 5 were synthesized according to methods developed 
at our laboratory 3 
1,4- В is [2 - (2 - chloroe t hoxy ) e t h oxy ] ben ze ne (Method 1) The 
compound was synthesized from hydroqumone and l,4-bis(2-chloroethoxy)-
benzene according to a procedure developed in our laboratory 3 The product 
was purified over a short column of basic aluminium oxide (activity I) using 
toluene as the eluent (Method 2) The same procedure was followed except 
that an excess of the tosylate (2 1 equivalents) was used The mixture of 1,4-
bis[2-(2-chloroethoxy)ethoxy] benzene and 1 -[[2-(2-chloroethoxy)ethyl] 
sulfonyl]-4-methylbenzene was purified as follows 15 g of the product was 
dissolved in 100 ml dry of C H 2 C I 2 and stirred with 100 g of neutral 
aluminium oxide (Activity I) for 24 hrs The aluminium oxide was filtered 
off and washed with 300 ml of CH2CI2 The combined CH2CI2 solutions were 
washed 4 times with 200 ml of water The organic layer was dried over 
M g S 0 4 and concentrated in vacuo Spectral data were in agreement with 
-J 
previously reported values 
General procedure for the synthes i s of the r e c e p t o r s To a 
suspension of χ mmol of 5 in acetonitnle was added Nal The mixture was 
stirred for several min until a clear solution resulted K2CO3 and 1 5 χ mmol 
of the amine were added and the suspension was placed under nitrogen 
Subsequently it was refluxed for several days while being monitored by TLC 
The rest of the amine (x mmol) was added when 5 had disappeared After 
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additional refluxing for several days, the reaction mixture was filtered The 
filtrate was washed with 100 ml of chloroform and the combined extracts 
were concentrated in vacuo Chloroform (100 ml) was added and the solution 
was filtered again The receptors l a and l i were purified on silica gel using 
2% MeOH/1% Et3N/CHCl3 as the eluent Receptor l h was purified using silica 
gel and 1% E t 3 N / C H 2 C l 2 After purification Et3 N was removed by 
codistillation with toluene The other receptors were purified over a silica gel 
column saturated with KBr This column was prepared by pouring silica gel 
into a 10% aqueous KBr solution The silica gel was filtered off and dried 
prior lo use As eluent 10% MeOH in CHCI3 was used After chromatography 
the product was dissolved in CHCI3, washed with an 1 M solution of K2CO3 
(2x) and with deminirahzed water (5x) After evaporation of the solvent the 
product was dissolved in a minimum amount of CHCI3 and added dropwise 
to stirred n-hexane The precipitate was filtered off, washed with n-hexane 
and dried in vacuo 
Compound l a . Reactants 1 g (1 01 mmol) of 5, 5 g of Nal, 15 g of K2CO3, 
and 0 24 g (2 24 mmol) of benzylamine The latter compound was added in 
two portions 1 22 mmol (refluxing time 2 days) and 1 02 mmol (refluxing 
time 2 5 days) Yield 85 % of l a as a white solid mp 214-216 °C, Spectral 
data were in agreement with previously reported values 3 
Compound lb. Reactants 4 g (4 05 mmol) of 5, 15 g of Nal, 36 g of K2CO3 
and 0 83 g (1 1 06 mmol) of S(+)-2-amino-l-propanol The latter compound 
was added in two portions 6 14 mmol (refluxing time 3 days) and 4 92 
mmol (refluxing time 2 5 days) Yield 0 8 g (20%) of l b as a white solid mp 
235-237 °C, [ a ] 2 0 D = +35,4° (c=0 5 in CHCI3), IR (KBr) 3440 (OH), 3080, 3060, 
3020 (ArH), 2910, 2860 (CH, CH2 and CH3), 1710 (C=0), 1590 (C=C arom ), 
1445 (CH2, CH3), 1125, 1060 (COC) cm 1; ІН-NMR (CDCI3, 400 MHz) δ 7 24-
6 98 (m, ЮН, ArH), 6 72 (s, 4H, ArH), 5 63 and 5 60 (2d , 4H, NCHHAr, J=16 1 Hz), 
4 19 - 3 36 (m, 34H, CH2O, NCHtfAr, CH2OH), 3 30-2 29 (br m, 14H, CH2N, 
NCWCH3, H2O), 0 96 (d, 6H, CH3, J=6 1 Hz), FAB-MS (m-mtrobenzyl alcohol) 
m// 993 (M+H)+ Found С, 63 26, H, 6 69, Ν, 8 04 C 5 4 H 6 8 N 6 O 1 2 2 H 2 0 
requires С, 63 02, Η, 7 05, Ν, 8 17 
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Compound le. Reactants 2 g (2 03 mmol) of 5, 10 g of Nal, 30 g of K2CO3 
and 0 54 g (6 06 mmol) of R(-)-2-amino-l-butanol The latter compound was 
added in two portions 3 03 mmol (refluxing time 2 days) and 3 03 mmol 
(refluxing time 2 5 days) Yield 0 95 g (46%) of le as a white solid mp 237-
239 °C, [ a ] 2 0 D = + 1 7 2° (c=l 0 in CHCI3), IR (KBr) 3430 (OH), 3080, 3050, 3020 
(ArH), 2920, 2860 (CH, CH2 and CH3), 1705 (C=0), 1590 (C=C arom ), 1455 
(CH2, CH3), 1125, 1060 (COC) cm" 1 ; ІН-NMR (CDCI3, 90 MHz) δ 7 09 (s, ЮН, 
ArH), 6 73 (s, 4H, ArH), 5 62 and 5 60 (2d, 4H, NCH HAr, J=16 OH?), 4 38-2 47 (m, 
44H, OCH2, СНЯАг, CH20H, CH2N, СЯСН20Н), 1 84-0 71 (m, 12H, CH3CH2, 
H2O) FAB-MS (m-nitrobenzyl alcohol) m/z 1021 (M+H)+ Found C, 64 57, H, 
7 07, N, 8 00 C56H72N6O12 H2O requires C, 64 72, H, 7 18, N, 8 09 
Compound Id. Reactants 4 0 g (4 05 mmol) of 5, 15 g of Nal, 36 g of K2CO3 
and 0 94 g (10 6 mmol) of S(+)-3-amino-l-butanol. The latter compound was 
added in two portions 5 8 mmol (refluxing time 4 days) and 4 8 mmol 
(refluxing time 3 days) After purification by column chromatography a 
sample for analysis was crystallized from CHCI3 Yield 1 8 g (44%) of Id as a 
white solid mp 260-262 °C, [oc]20D= +18 4° (c=0 9, CHCI3), IR (KBr) 3440 (OH), 
3050, 3020 (ArH), 2920, 2860 (CH, CH2 and CH3), 1705 (C=0), 1595 (C=C 
arom), 1460 (CH2, CH3), 1125, 1065 (COC) cm"! ; ІН-NMR (CDCI3, 400 MHz) 
δ 7 15-7 02 (m, ЮН, ArH), 6 74 (s, 4H, ArH), 5 58 and 5 57 (2d 4H, NCH HAr 
J=16 0Hz), 4 20-3 60 (m, 34H, OCH2, NCH/Mr, CH2OH), 3 17-2 91 and 2 70-
2 53 (2m, 10H, CH2N, NCtfCH3), 1 84-1 73 (m, 2H, СЯНСН2ОН), 1 48-1 39 (m, 
2H, CHWCH2OH), 1 01 (d, 6H, CH3, J=6 5 Hz), FAB-MS (m-nitrobenzyl alcohol) 
m/z 1021 (M+H)+ Found C, 59 74, H, 6 15, N, 7 21 C 5 6 H 7 2 N 6 0 1 2 CHCI3 
requires C, 60 02, H, 6 45, N, 7 37 
Compound le. Reactants 4 0 g (4 05 mmol) ot 5, 15 g of Nal, 36 g of K2CO3 
and 1 57 g ( 1 1 5 mmol) of R(-)-2-amino-2-phenylethanol The latter 
compound was added in two portions 6 4 mmol (refluxing time 4 days) and 
5 1 mmol (refluxing time 3 days) Yield 1 85 g (41%) ot l e as a white solid 
mp 237-240 °C, [ a ] 2 0 D = -27 8° (c=0 5, CHCI3), IR (KBr) 3430 (OH), 3060, 3030 
(ArH) 2920. 2860 (CH and CH2), 1710 (C=0), 1595 (C=C arom) 1455 (CH2 ) 
1140, 1070 (COC) c m " 1 ; I H - N M R (CDCI3, 400 M H Z ) 6 7 5 0 6 9 4 (m, 20H 
ArH), 6 74 (s, 4H, ArH), 5 63 (d, 4H, NCWHAr, J=16 0 Hz), 4 32 3 52 (m, 34H, 
OCH2, NCHWAr, CH2OH), 3 26-2 21 (m, 10H CH2N and NCtfArCH20H) FAB-MS 
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(m nitrobenzyl alcohol) m/e 1117 (M+H)+ Found С, 66 45, H, 6 20, Ν, 7 16 
C64H72N6012 2H20 requires С, 66 65, Η, 6 64, Ν, 7 29 
Compound If. Reactants 1 5 g (1 52 mmol) of 5, 10 g Nal, 35 g K2CO3 and 
0,51 g (3 4 mmol) S(-)-2-amino-3-phenyl-l-propanol The latter compound 
was added in two portions 2 0 mmol (refluxing time 2 days) and 1 4 mmol 
(refluxing time 2 5 days) Yield 40% of If as a white solid mp 246-248 °C, 
[ a ] 2 0 D = +9 5°(c=0 3 in CHCI3), IR (KBr) 3405 (OH), 360, 3030 (ArH), 2920, 
2870 (CH, CH2 and CH3), 1710 (C=0), 1595 (C=C arom ), 1460 (CH2), ИЗО, 
1070 (COC) c m " 1 ; ІН-NMR (90 MHz, CDCI3) 5 7 38-6 91 (m, 20H, ArH), 6 73 
(s, 4H, ArH), 5 63 and 5 58 (2d, 4H, ГМСЯНАг, J=16 1 Hz), 4 43-2 24 (m, 48H, 
OCH2, NCHtfAr, CH2(OH), C//2Ph, CH2N and NC(tf)CH20H), FAB-MS (m-
nitrobenzyl alcohol) m/z 1145 (M+H)+ Found C, 68 49, H, 6 60, N, 7 14 
C66H76N6O12 H2O requires C, 68 14, H, 6 76, N, 7 22 
Compound lg. Reactants 4 g (4 05 mmol) of 5, 15 g of Nal, 36 g of K2CO3 
and 2 05 g (12 3 mmol) of lS,2S(+)-2-amino-l-phenyl-l,3-propanediol The 
latter compound was added in two portions 6 1 mmol (refluxing time 2 
days) and 6 2 mmol (refluxing time 2 days) Yield 2 14 g (45%) of l g as a 
white solid mp 238-240 °C, [ a ] 2 0 D = +21 0 (c=0 7 in CHCI3), IR (KBr) 3400 
(OH), 3060, 3025 (ArH), 2920, 2860 (CH, CH2 and CH3), 1705 (C=0), 1595 
(C=C arom), 1460 (CH2), 1125, 1070 (COC) cm" 1 ; ! H - N M R (90 MHz, CDCI3) δ 
7 50-6 82 (m, 20H, С(ОН)АгЯ, ArH), 6 69 (s, 4Н, ArH), 5 73 (d, 4H, NCWHAr, 
J=16 1 Hz), 4 97-2 83 (m, 48H, OCH2, NCHtfAr, CH(OH)Ph, CH2OH, CH2N and 
NCWCH2OH), FAB-MS (m-nitro-benzylalcohol) m/e 1177 (M+H)+ Found C, 
66 29, H, 6 35, N, 6 97 C66H72N6O12 H2O requires C, 66 32, H, 6 58, N, 7 03 
Compound l h . Reactants 4 5 g (4 6 mmol) of 5, 20 g of Nal, 30 g of K2CO3 
and 2 09 g (13 8 mmol) of lR,2S(-)-2-amino-l-phenyl-l-propanol The latter 
compound was added in two portions 6 9 mmol (refluxing time 2 days) and 
6 9 mmol (refluxing time 2 5 days) Yield 3 95 g (75 %) of I h as a white solid 
mp 240-242 °C, [ a ] 2 0 D = -47 1 (c=l 3 in CHCI3), IR (KBr) 3420 (OH), 3080, 
1055, 3020 (ArH), 2920, 2860 (CH, CH2 and CH3), 1710 (C=0), 1595 (C=C 
arom) 1460 (CH2), 1125, 1070 (COC) c n r l ; ! H-NMR (400 MHz, CDCI3) δ 
7 38 (d, 4H, о-Я-АгС(ОН), J= 7 4 Hz) 7 27 (m, 4H. т-Я-АгС(ОН)), 7 18 (d, 2H, 
р-Я-АгС(ОН), J=7 2 Hz), 7 08-6 88 (m, 10H, ArH), 6 65 (2d, 4H, ArH, J= 9 6 
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Hz), 5 68 and 5 62 (2d, 4H, N Œ H A r , J=16 0 Hz), 4 78 (br s, 2H, OH), 4 19-3 52 
(m, OCH2, CtfPh(OH), NCHH Ar), 3 09 (br s, 2H, NCH (CH3), 2 72 (br t, 8H, 
C#2N, J=42 6 Hz), 0 91 (d, 6H, CH3, J= 6 4 Hz), FAB-MS(m-mtrobenzyl alcohol) 
m/e 1145 ( M+H)+ Found С, 68 39, H, 6 58, Ν, 7 17 C 6 6 H 7 6 N 6 0 1 2 НгО 
requires С, 68 14, Η, 6 76, Ν, 7 22 
Compound li. Reactants 2 g (2 03 mmol) of 5, 10 g of Nal 30 g of K2CO3 
and 0 67 g (5 51 mmol) of S(-)-l-Phenylethylamine The latter compound 
was added in two portions 3 06 mmol (refluxing time 2 days) and 2 45 
mmol (refluxing time 2 5 days) Yield 1 71 g (79%) of li as a white solid mp 
229 231 °C, [ a ] 2 0 D = +15 6° (c= 0 5, CHCI3), IR (KBr) 3080, 3055, 3020 (ArH), 
2920, 2870 (CH, CH2 and CH3), 1710 (C=0), 1595 (C=C arom ), 1455 (CH2, 
CH3), 1125, 1055 (COC) c m " 1 , ІН-NMR (400 MHz, CDCI3) 6 7 43 (d, 4H, o-
АгЯС(СНз), J= 7 3 Hz), 7 32 (m, 4H, т-АгЯС(СНз)), 7 24 (d, 2H, р-АгЯС(СНз), 
J=9 2 Hz), 7 13-7 07 (m, 10H, Ph), 6 73 (s, 4H, ArH), 5 65 and 5 61 (2d, 4H, 
NCWHAr, J=16 0 Hz), 4 20-3 55 (m, 34H, OCH2, NCHWAr and NCtf(CH3), H2O), 
2 84 (m, 8H, NC//(CH3), CH2N), 1 42 (d, 6H, CH3, J= 6 7 Hz), FAB-MS (m-
nitrobenzyl alcohol) m/e 1085 (M+H)+ Found C, 69 23, H, 6 49, N, 7 61 
C64H72N6O10 1,5 H2O requires C, 69 11, H, 6 80 , N, 7 56 
Compound lj. Reactants 4 0 g (4 05 mmol) of 5, 15 g of Nal, 36 g of K2CO3 
and 0 94 g (12 9 mmol) of S( + )-sec-Butylamine The latter compound was 
added in two portions 7 2 mmol (refluxing time 4 days) and 5 7 mmol 
(refluxing time 3 days) Yield 1 9 g (44%) of lj as a white solid mp 246-249 
°C, [ a ] 2 0 D = +10 0° (c= 0 9, CHCI3), IR (KBr) 3050, 3020 (ArH), 2950, 2920. 
2860 (CH, CH2 and CH3), 1710 (C=0), 1595 (C=C arom), 1455 (CH2), 1125 
1070 (COC) cm" 1 , ^H-NMR (400 MHz, CDCI3) 5 7 11-7 03 (m, 10H, ArH), 6 75 
(s, 4H, ArH), 5.61 (d, 4H, NC/ZHAr, J= 16 0 Hz), 4 19-3 65 (m. 28H, OCH2, NCHW 
Ar), 2 88-2 58 (m, ЮН, CH2N, NC(#)CH3C2H5), 1 60-1 49 (m, 2Н, СЯНСНз), 
1 33-1 22 (m, 2Н, СНЯСНз), 0 99 (d, 6Н, СНз, J= 6 5 Hz), 0 92 (t, 6Н, СНз, J= 
7 3 Hz), FAB-MS (m-nitrobenzyl alcohol) m/e 989 (M+H)+ Found C, 67 02, H, 
7 13, N, 8 23 C56H72N6O10 H2O requires C, 66 78, H, 7 41, N. 8 34 
Compound Ik. Reactants 4 0 g (4 05 mmol) of 5, 15 of g Nal, 36 g of K2CO3 
and 0 83 g (11 1 mmol) of R-(-)-l-amino-2-propanol The reaction mixture 
was refluxed with 6 2 mmol amine for 4 days Then 4 9 mmol of amine was 
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added and the reaction mixture was refluxed once more for 3 days. Yield 
1 30 g (33%) of I k as a white solid: mp 234-236 °C; [а]2®в= -51,0°(c=0.5 in 
СНСІЗ); IR (KBr) 3440 (OH), 3060, 3020 (ArH), 2920, 2860 (CH, CH2 and CH3), 
1710 (C=0), 1590 (C=C arom ), 1460 (CH2), 1160, 1070 (COC) cm" 1 ; ! H - N M R 
(CDCI3, 400 MHz): 5 7.17-7.05 (m, 10H, ArH), 6.71 (s, 4H, ArH), 5 66 and 5 64 
(2d, 4H, NCHHAr, J=16.1 Hz), 4 20-3 65 (m, ЗОН, OCH2, СЯ(ОН), ЫСНЯАг), 3.03-
2 77 (m, 8H, CH2N), 2.65 (2d, 2H, NŒHCH(OH)CH3, J=12.9 Hz), 2 37 (2d, 2Н, 
ІМСНЯСН(ОН)СНз, J=12.9 Hz), 2 30-1 50 (br s, 8H, OH, H2O) 1.13 (d, 6H, CH3, J= 
6.2 Hz), FAB-MS (m-nitrobenzyl alcohol) m/z 993 (M+H)+. Found: С, 64 36; H, 
6 77; Ν, 8 20. C54H68N6O12H2O requires: С, 64.14; Η, 6.95; Ν, 8.31 
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Chapter 4 
Receptors Functionalized with Chiral Aza-
Crown Ether Rings as Catalysts for a Michael 
Addition Reaction 
4.1 Introduction 
One of the challenging goals of host-guest chemistry is the development of 
synthetic receptor molecules that are able to function as stereoselective 
catalysts for organic reactions The design of such artificial catalysts is 
inspired by nature's enzymes These biomacromolecules have a well-defined 
three-dimensional structure with a cavity or cleft The bond making or 
breaking reaction catalyzed by enzymes is preceded by the formation of an 
enzyme-substrate complex Substrates can be bound by hydrogen bonds, 
electrostatic interactions, and van der Waals forces The three-dimensional 
structure of an enzyme is not rigid but exhibits some flexibility This allows 
for an adjustment of the shape of the active site, such that upon binding a 
better fit between enzyme and substrate is obtained After the initial 
binding a stereoselective conversion is achieved due to a specific ordering of 
catalytic groups at the active site Besides being stereoselective, enzymatic 
reactions are very fast As compared to uncatalyzed reactions, accelerations 
by a factor of a billion or more are very common 
In this chapter we focus on mimicking one of the features of enzymatic 
catalysis, viz the stereoselective modification of a substrate This is 
attempted with the help of synthetic receptors that are derived from the 
concave molecule 1 If 1 (R |=0CH2CH20CH2CH2C1) reacts with two chiral or 
achiral primary amines basket shaped receptors 2a-k are obtained as is 
described in Chapter 3 These receptors possess (z) a cavity in which a 
substrate can be bound, (izj a tertiary amine group which can act as a basic 
catalyst, (ш) a hydroxyl substituent which may function as an activating and 
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or orientating group, and (ÎV) a chiral structure (except 2a) Here we report 
on our efforts to use novel receptors 2 as chiral catalysts for the 
enantioselective addition of thiophenols to cylohexenones 
4.2 Results and discussion 
4.2.1 Binding of substrates 
It was shown previously by Smeets of our group that 2a and related 
receptors are capable of binding charged guests such as alkali metal and 
ammonium ions ' We found that also neutral molecules can be bound by 
receptor 2a When 2,7-dihydroxynaphthalene, which is virtually insoluble in 
CDCI3 is added to compound 2a dissolved in this solvent, a clear solution is 
obtained In the 'H-NMR spectrum of this solution an approximately 0 6 ppm 
upfield shift of the cavity wall protons of 2a is observed (see Figure 1) The 
naphthalenes protons Ha display an upfield shift of ca 1 ppm, in contrast to 
the OH protons which are shifted downfield The NCH2 protons endure a 
downfield shift upon complex formation These findings suggest a binding 
mode as depicted in Figure lc The aromatic ring of the guest is wedged in 
between the walls of 2a The hydroxyl groups form (probably bi-furcated) 
hydrogen bonds with the carbonyl groups and/or the crown ether nitrogen 
atoms of the receptor Our initial observation initialed a detailed study by 
Sybesma concerning the affinity of receptors 2a for neutral molecules 
Compound 2a was found to bind resorcinol and hydroquinone with binding 
constants of K a=2900 M ' and Ka=650 Μ ' , r e s p e c t i v e l y 2 Also these 
dihydroxybenzenes are clamped between the cavity walls of 2a in a similar 
way as 2,7-dihydroxynaphtalene In the case of hydroquinone the nitrogen 
atoms are involved in the hydrogen bonding although involvement of the 
carbonyl groups could not be excluded For resorcinol hydrogen bond 
formation with the carbonyl groups seems to be the driving force tor 
complex formation Clip 1 (R=OMe) also appeared to bind dihydroxy­
benzenes 3 and the binding affinity for resorcinol was approximately equal to 
that of 2a for this guest IR measurements showed that resorcinol forms two 
hydrogen bonds with the π-electrons of the carbonyl groups of clip 1 4 
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Figure 1. a) 1H-NMR spectrum of 2a in CDCI3, b) 1H-NMR spectrum of the 
complex between 2,7-dihydroxynaphtalene and 2a in CDCI3, c) Observed 
shifts of protons of 2,7-dihydroxynaphtalene (* = obscured by resonances of 
2a) (left) and structure of the host-guest complex. 
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The complex is further stabilized by π-π stacking interactions between the 
guest and the walls of the receptor 
Ο Η 
Not bound K= 8 2 lUT1 К =ca. 3000 NT 
To test whether the above mentioned binding interactions can be used to 
orientate reactants with respect to an asymmetric catalytic site, we 
performed some preliminary binding studies with 3-5 When 3 was added 
to 2i no upfield shifts were observed in the ' H-NMR spectrum for the cavity 
wall protons of the receptor indicating that 3 is not bound by 2i Also the 
host NCH2 protons displayed negligible shifts suggesting that no ion pair with 
the thiol is formed In the case of substrate 4 the cavity wall protons of 2 i 
were found to shift upfield, indicating that complex formation does take 
place, but no shifts of the NCFb protons were observed Apparantly, host-
guest complex formation involves hydrogen bond interaction between the 
hydroxyl function of 4 and a carbonyl group of the receptor as well as π-π 
stacking interactions The binding constant of the complex between 4 and 2 i 
was determined to be K
a
= 82 M ' at 298 K, which corresponds to a AG of 
binding of -10 9 kJ/mol Substrate 5 turned out to be rather insoluble in the 
solvents used for the ' H-NMR exper iments , which hampered the 
determination of an accurate binding constant However, the 'H-NMR shifts 
which take place when 5 is bound by 2i match well with those found for 2 a 
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and resorcinol, indicating that the K
a
's of both complexes will be in the same 
order of magnitude 
4.2.2 Addition of aromatic thiols to cycloalkenones catalyzed by 
receptors 2 
In the previous section we showed that receptors 2 can bind thiophenol 4 
and the resorcinol derivative 5 To investigate whether this property ol 2 
can be used to achieve selectivity in a reaction, we studied the addition 4 to 
2-cylohexen-l-one (Scheme 1) and that of 3 to 5 in the presence of 
receptors 2b-k For comparison also the addition of the non-bonding 
substrate 3 to 2-cyclohexen-l-one was studied 
О 
Scheme 1 
The reaction of thiols with cyclic α,β-unsatured ketones catalyzed by 
cinchona and ephedra alkaloids has been thoroughly investigated by the 
groups of Wynberg and Kellog 5a,5b,5c They demonstrated that the reaction is 
first order in catalyst, first order in thiophenol, and also first order in 2-
cyclohexen-1-one 5 b Furthermore, it was found that amines possessing a ß-
hydroxyl function act as bifunctional catalysts During the reaction the thiol 
function becomes activated because it forms an ion pair with the tertiary 
nitrogen function of the chiral catalyst The double bond of 2-cylohexen-l-
one is made reactive via the formation of a hydrogen bond between the 
carbonyl group of this reagent and the hydroxyl group of the catalyst In this 
way both reactants are orientated by the catalyst in the correct position for a 
stereoselective reaction This resulted in e e values for this reaction up to 
75% 5b We envisaged that the same bilunctional interactions as found for the 
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alkaloids, could be present in the reaction catalyzed by receptors 2 In 
addition, a third interaction as schematically illustrated in Figure 3 may be 
operative The position of the phenyl ring of the thiophenol could be fixed by 
complexation in the cavity of the receptor, and the orientation of the thiol 
function could be controlled by formation of an ion-pair with the nitrogen 
atom of the crown ether ring In the model of Figure 3 the position of the 
double bond of the alkenone is determined by the hydrogen bond between 
the carbonyl group in this molecule and the hydroxyl function of the 
receptor If the three point attachment model is valid an enantioselective 
reaction would be achieved if the thiol function attacks preferentially at 
either the Re or the Si face of the 2-cyclohexen-l-one 
Figure 3 Schematic model showing how the addition of thiophenol to 2-cyclohexen-
l-one may be catalyzed by 2h. 
38 Chapter 4 
This leaves open the following possibilities (i) attack of the thiol on 2-
cyclohexen-1-one with double bond of the latter molecule facing the crown 
ether ring (see Figure 3), (//) idem with the double bond turned away from 
the crown ether ring, (ш) and (zv), as in (ι) and (» ) but now an attack of the 
thiol function at the "back"(B) instead of the "front' (F) side of the catalyst If 
one of these four possibilities is energetically favourable (or two if the same 
enantiomer is produced), enantioselective catalysis can be expected The 
above mentioned requirements can be fulfilled if there are local minima for 
rotations around bonds 1 and/or 2 Dijkstra has shown that for ß - a m i n o 
alcohols such discrete minima in energy indeed exis t 6 Extensive variation of 
the subsituent in the side chain of the receptor may enhance the chance that 
the requirements are met In our model the crown ether rings are 
considered to be symmetrical with respect to the cavity This may be a too 
simple picture as the chiral group can introduce some dissymmetry in these 
crown ether rings Such a dissymmetry may be favourable because it can 
lead to a higher asymmetric induction during the reaction 
We first tested our receptors as catalysts for the addition of thiophenol to 
2 cyclohexen-1-one Toluene was initially chosen as the reaction medium 
because the highest e e values have been reported in the literature with this 
solvent 5 b All catalysts were carefully dried before use because moisture can 
have a negative effect on the asymmetric induction, as was pointed out by 
Dijkstra 6 For all receptors we found that the reaction is essentially complete 
after 15 hours This result is in agreement with similar findings of Hiemstra 
et al for the alkaloid catalysts 5 b For receptors 2 b - k e e values ranging 
from 0-10 % were found (see Table I) These low values do not allow one to 
draw conclusions with regard to the mechanism of the reaction and the 
validity of the above mentioned model The trend however seems to be that 
for receptors without a hydroxyl group the asymmetric induction is 
negligible The presence of two hydroxyl groups does not create a better 
chiral environment for the reaction Receptors with a ß -amino alcohol 
incorporated in the crown ether ring and with a chiral center in α-position to 
the nitrogen atom catalyze the formation of a R product, if the receptor has 
the (5, 5) configuration, and vice versa Remarkably, in case of receptor 2d, 
which has a hydroxyl function in γ-position and the (5,5) configuration the 
(5) product is formed in excess Because the solvent toluene may prevent 
binding of the thiol in the cavity of our receptors, we also performed some 
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reactions in dichloromethane However, also in this solvent the e e values 
were very small The 'H-NMR spectrum of receptor 2e dissolved in CDCI3, 
showed remarkable changes upon cooling the solution, which is indicative of 
conformational changes (see Chapter 7) Therefore, we also tested this 
receptor as catalyst for the addition of thiophenol to 2-cyclohexen-l-one at 
25 °C Again a low е е was obtained (1%) 
Table I-Ε e values for the addition of thiophenol to 2-cyclohexen-l-one 
catalyzed by receptors 2b-k 
Receptor e e (%) Configuration of product 
R 
S 
s 
s 
R 
R 
2 b 
2 c 
2 d " 
2 e a 
2 f 
2ga 
2 h 
2 i 
2 j 
2 k 
1 
5 
9 
2 
2 
0 
2 
0 
0 
0 
a Reaction mixtures were not completely homogeneous 
Table II Specific optical rotations of the products obtained from the 
addition of p-hydroxythiophenol to 2-cyclohexen-l-one catalyzed by 
receptors 2b-k 
Receptor [αϊ 2 1 
578 
2b Π 
2 c -2 4 
2 d -0 5 
2 e -3 1 
2 f -0 2 
2 g 1 3 
2 h -2 1 
2 i 2 1 
2 j 0 0 
2 k 0 0 
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In a second series of experiments we tested p-hydroxylhiophenol, which 
was shown to be bound in the cavity of our receptors, as the reaclant 
Because this thiol had not been studied before we first determined the rate 
of its addition to 2-cyclohexen-l-one in the absence of a catalyst After 4 
hours no product could be detected by 'H-NMR Product formation in the 
catalyzed reaction turned out to be almost quantitative tor all receptors 
within several hours In Table II the optical rotations of the formed products 
are given As the absolute rotation of enantiomencally pure 3-(p-hydroxy) 
phenylthiocyclohexanone is not known no e e values can be calculated 
However, comparison of the optical rotations of a series aryl substituted 3 
p h e n y l t h i o c y c l o h e x a n o n e s 5 b reported in the literature suggests that the 
e e 's must be very low 
Finally, we investigated the reactivity of 5 in the addition reaction As this 
compound is only slightly soluble in apolar organic solvents, we first tested 
in a combination of CDCI3 and CD3OD With thiophenol in absence of catalyst 
after 1 day less than 5 % of product was formed However, upon addition of 
Et^N (1 5 equivalent) after 2 hours more than 95 % conversion was obtained 
For reasons not yet clear to us, receptor 2i (0 1 equivalent) as a catalyst only 
33 % conversion was reached after 3 days Also with 2h (0 04 equivalent) 
was in toluene/acetonitnle the conversion was only 12 % alter a reaction 
time of 12 hours Because of these low conversions no e e values were 
determined 
The experiments described above show that the receptors are capable of 
catalyzing the addition reaction of thiophenols to cyclohexenones However 
the obtained enantioselectivities are very low Especially the low e e value 
found for the addition of thiophenol to 2-cylo-hexen-1-one catalyzed by 
receptor 2 h , is surprising, since Dijkstra showed that with N-
methylephednne an е е value of 36% can be obtained Apparently, 
incorporating an ephednne moiety into our receptor molecule leads to a 
dramaticall loss of e e This suggests that the fixation of the thiol in the 
cavity of the receptor is counterproductive lor the reaction The lower optical 
rotations found for the products of the addition ol p-hydroxylhiophenol to 2-
cyclohen-1-one as compared to those found for thiophenol, are in line with 
such an explanation A second reason might be that the conformation of 
ephednne in the receptor is substantially different from that ol /V-methyl 
ephednne The hydroxyl function of the ephednne moiety in 2h may not be 
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available for catalysis because it is involved in hydrogen bonding, viz with 
hydrogen bond acceptor sites present in the receptor The 'H-NMR spectra of 
compounds 2b-k, which will be discussed in detail in Chapter 7, indicate that 
such a hydrogen bond may be present 
4.2.3 Kinetics of the thiol addition reaction catalyzed by receptors 
2b and 2j. 
Hiemstra et al , b have shown that in the presence of quinine (6a) as a 
catalyst the thiol addition reaction follows pseudo-second order kinetics, if 
the concentration ol the base is kept constant The reaction is hrst order in 
thiol and in cyclohcxcnonc They found that the rate decreases by a factor of 
250 when acetylquinine (6b) is used instead of quinine 
6 a,R=OH 
b,R=OAc 
To test if the hydroxyl functions of our receptors are involved in the 
catalysis, we measured the rates of the addition of thiophenol to 2-
cyclohexen-1-one in the precense of 2b and 2 j These receptors are 
structurally similar with the exception that 2 j contains a methyl group 
instead of a hydroxyl group in its side chain The reactions were performed 
in CDCI3 and monitored by 'H-NMR following the decrease of 2-cyclohexen-
1 one as a function of time relative to an internal standard The results are 
depicted in Figure 4 Up to approximately 70 % conversion, plots of the reci-
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Figure 4Left: concentration of 2-cyclohexen-1-one as a function of time for 
the addition of thiophenol to this molecule catalyzed by 2b (o) and 2j(·). 
Right: Second order plots for this reaction. 
procal of the concentration of 2-cyclohexen-l-one versus time gave straight 
lines, indicating that the reaction follows pseudo-second order kinetics. 
Remarkably, receptor 2j (kob s=0.11) was found to be a better catalyst than 
2b (kobs=0.016). Thus for our catalysts omission of an hydroxyl function 
leads to a higher rate. This suggests that the hydroxyl function of the 
receptor is not involved in the catalysis and even may hamper the reaction. 
To elucidate this point further a detailed study of the conformation of the 
receptors and their complexes was performed. This will be discussed in 
Chapter 7. 
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4.3 Experimental section 
General. For general remarks see Chapter 3, section 3 3 Dichloromethane 
was distilled from calciumhydnde Diethylether and toluene were distilled 
from sodium benzophenone ketyl CDCI3 was stored over 4 Â molecular 
sieves Phloroglucinol was dried overnight in an oven at 120 °C prior to use 
Thiophenol and 2-cyclohexen-l-one were commercial products and distilled 
prior to use 
Compound 5 To a stirred suspension of 0 38 g sodium hydride in 20 ml of 
Et2Û was added 2 g (15 9 mmol) phloroglucinol dissolved in a minimum 
amount of ЕігО After 10 min 1 66 g (15 9 mmol) of crotonyl chloride 
dissolved in 20 ml of E12O was added The reaction mixture was stirred for 
45 mm and then filtered After evaporation of the solvent the product was 
purified over a silica gel column using dnsopropylether as eluent Yield 48 % 
of 5 as a white solid 'H-NMR (CDCI3/CD3OD, 90 MHz) 5 7 18 (dq, 1H, 3 J=16 Hz 
and J= 6 80, =CHCH 3), 6 27-5 82 (m, 4H, ArH and =СЯСО), 1 96 (dd, 3H, J(cis)= 
2 0 Hz and J(gem)=6 8 Hz, CH3), EI m/z 194 (M)+ Found C, 61 34, H, 5 40 
C10H10O4 0 1 H 2 0 requires C, 61 28, H, 5 25 
General procedure for the catalytic reactions. The catalyst (0 015 
mmol) was dried in vacuo (0 5 mm Hg) at 100 °C for 6 hrs in a Schlenk 
vessel This schlenk vessel was then filled with argon and the solvent (3 ml), 
thiophenol (1 81 mmol) and the 2-cyclohexen-l-one (1 56 mmol) were 
added with a syringe The reaction mixture was left overnight The work up 
procedure was essentially the same as that of Hiemstra et al5b The reaction 
mixture (in cases of poor solubility a minimum amount of CH2CI2 was added) 
was added dropswise to vigorously stirred n-hexane (20 ml) After the 
catalyst was filtered off over hyflo (without applying vacuo), n-hexane was 
evaporated in vacuo Then 20 ml of toluene was added and the organic layer 
was washed twice with 10 ml of 2N HCl, twice with 10 ml 2 N KOH, and twice 
with 10 ml of brine The organic layer was dried over MgSÛ4 and the solvent 
evaporated For 3-phenyl-thiocyclohexanone the spectral data were in 
agreement with those reported in the literature 7 For the reaction of p-
hydroxythiophenol with 2-cyclohexen-l-one a different workup procedure 
was used The reaction mixture was taken up in 20 ml of toluene and 
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washed with 10 ml of 1 N HCl (twice) 10 ml of water (twice) and finally with 
10 ml of brine After drying the organic layer over MgSÜ4 the solvent was 
evaporated and the product was purified over a silica gel column using CHCI3 
with a few % of methanol as the eluent For analysis a sample was 
crystallized by allowing n-hexane to diffuse in a mixture of MeOH and CHCh 
3-(p-Hydroxy)-phenylthio-cyclohexanone Mp 124 °C, IR (KBr) 3210 (ОН), 
3020(Аг), 2960, 2940 (СН 2 ) , 1680 (СО), 1605, 1590 (Ar), 1495, 1440, 1410, 
1360, 1340, 1320, 820 (Ar), 840 (Ar) cm ' ; Ή NMR (90 MHz, CDCh) δ 7 25 
(m, 2H), 6 75 (m, 2H), 3 37 (m, IH), 2 79 (m, IH), 2 64-1 44 (m, 7H), ΕΙ 222 
Found С, 64 34, Η, 6 28, S, 14 24 C | 2 H i 4 0 2 S 0 1 H 2 0 requires С, 64 31, H, 
6 39, S, 14 31 
Addition of thiophenol to 5 The crude product trom the reaction 
mixture had the following spectral properties 'H-NMR (CDCI3) 5 7 62-7 16 
(m, 5H, ArH), 6 30 (s, IH, ArH ), 6 09 (s, 2H, ArH), 5 44 (sb, 4H, OH and H 2 0 ) , 
3 64 (m, IH. CH), 2 71 (m, 2H, CH 2), 1 37 (d, 3H, J=7 0 Hz, CH3) 
Determination of enantiomeric excess: The enantiomeric excess for the 
reaction of thiophenol with 2-cyclohexen-l one was determined by 
comparing of the rotation of the product with the optical rotations and the 
e e values of 3-phenylthiocylohexanon reported in the literature ^ For one 
product the , 3 C method of Hiemstra et α / 8 was followed The determined 
enantiomeric excess by this method was in good agreement with that 
determined by polarometry 
Kinetic measurements: 304 mg (3 16 mmol) of 2-cyclohexen 1 one, 9 0 g 
of CDCI3, and 337 mg of (3 06 mmol) thiophenol were weighed into a flask 
22 1 Mg of trioxane was added as an internal standard 10 Mmol of the 
receptor was weighed into a second flask and exactly 2 ml ol the reaction 
mixture was added Approximately 1 ml of this solution was transferred into 
an NMR tube In between the measurements the tube was placed in a 
thermostated bath of 25 °C 'H-NMR(90 MHz) spectra were recorded with a 
relaxation delay of 4 0 s The concentration of 2-cyclohexen-l-one was 
determined by comparing the integral of the ethylenic proton at CI with the 
integral of the internal standard For all measurements also the spectrum of 
a sample without catalyst was measured at the beginning and at the end o( 
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each measurement For these samples the conversion was found to be less 
than 5 % 
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Chapter 5 
Receptors Functionalized with Chiral Aza-
Crown Ether Rings as Catalysts for 
Hydrocyanation Reactions 
5.1 introduction 
The addition of HCN to aldehydes, which affords cyanohydnns, is catalyzed 
by bases Already in 1912 alkaloids like quinine were tested as 
stereoselective catalysts for the synthesis of cyanohydnns ' However e e 
values obtained with these catalysts were moderate In apolar solvents the 
reaction was found to be first order in aldehyde and second order in 
catalyst 2 Based on these findings Prelog and Wilhelm proposed a "push-pull" 
mechanism as is illustrated in Figure la In the rate determining step of the 
reaction two ion-pairs are involved, one activates the carbonyl function 
whereas the other acts as a nuclcophile The cyanide ion of the ion-pair that 
is activating the carbonyl group is believed not to act as nucleophile for 
stenc reasons 
More recently it was found that cyclic dipeplidcs derived from the amino 
acid histidine are highly stereoselective catalysts for the synthesis of 
cyanohydnns from benzaldehyde (e e values up to 97%) 3 Inoue has 
proposed that HCN forms an ion-pair with the imidazole ring of the catalyst 
The carbonyl oxygen atom ol the benzaldehyde molecule is involved in a 
hydrogen bond with one of the diketopiperazine N-H groups (see Figure lb) 
De Vries et al have suggested that in addition to this, slacking interactions 
play a role, viz between the phenyl ring of the catalyst and that of 
benzaldehyde 4 Recently, however it was shown by Danda et al that the high 
e e values obtained with Inouc's catalyst probably originate from an auto 
induction process 5 One of the initially formed enantiomers preferentially 
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forms a complex with the catalyst This complex is the actual active species 
that is responsible for the observed high e e values 
HB+ΟΝ­
Ο 
II 
Ft / Η 
Ph q 
HB+CN-
Figure 1. Schematic representation of the "push"-'pull" mechanism proposed 
by Prelog and Wilhelm (a) Mechanism for the hydrocyanation of benzaldehyde 
catalyzed by the cyclic dipeptide cyc/o-[(S)-phenylalanyl-(S)-histidyl] proposed 
by Inoue (b) 
In view of the mechanisms discussed above receptors of type 1 may be 
interesting catalysts for the hydrocyanation of aromatic aldehydes It the 
reaction is second order in base a clamshell type of complex may be formed 
involving receptor 1, 2 molecules of HCN, and the aldehyde If the reaction is 
first order in base a three point interaction (π-π, amine-HCN and hydroxyl 
group-carbonyl group, in analogy with the model discussed in Chapter 4) 
between reactants and 1 might be operative π-π Interact ions between 
similar receptors as 1 and aromatic molecules have been shown to play an 
important role in the binding of the latter 6 
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Chart 1 
\ 
Ph 
(S) 
у - O H 
d 
R = 
» 
\ 
(S) 
b 
OH 
-OH 
-Ph 
\ 
(1R.2S) 
-OH 
"Ph 
(Я) 
^ - O H 
"""j-Ph 
OH 
(1S.2S) 
f 
A strongei interaction with the receptor is envisaged when the reactant is a 
mono- or dihydroxybenzaldehyde, since in that case additional stabilization 
may come from hydrogen bonding effects with the carbonyl urea groups of 
1 7 · 8 In this chapter we report our attempts to hydrocyanate aromatic 
aldehydes with receptors 1 as catalysts 
5.2 Results and discussion 
5.2.1 Binding experiments 
The binding of aromatic aldehydes to receptor l b was studied by ' H - N M R 
using CDCI3 as the solvent In all cases only average signals for the receptor 
and the guest protons were found, indicating that the complexation and 
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decomplexation processes are fast on the NMR-timescalc (90 MHz) Addition 
of about 18 equivalents of benzaldehyde to a solution of lb (0 01 M) in 
CDCI3 caused negligible shifts of protons of the receptor as well as of the 
guest suggesting that no binding takes place When a large excess of 1-
naphtaldehyde (0 4 M) was added to lb (0 016 M) an upfield shift of ca 
0 36 ppm was found for the cavity wall protons of the receptor The receptor 
CH2N protons displayed a downfield shift of approximately 0 12 ppm In the 
presence of an excess of host2 negligible shifts were observed for the guest 
These findings point to the formation ot a weak host-guest complex in which 
2-napthaldehyde is wedged in between the cavity walls ot the receptor 
Addition of a sevenfold excess of 4-hydroxybenzaldehyde to lb (0 007 M) 
resulted in an upfield shift of the cavity wall protons of approximately 0 58 
ppm, suggesting that this guest is also clamped between the cavity walls The 
small downfield shift observed for the CH2N protons (0 1 ppm) indicates that 
the nitrogen atoms are involved in the binding process Also changes in the 
pattern of the crown ether OCH2 resonances were observed This suggests 
that the conformations of the crown ether rings change upon complex 
formation In the presence of an excess of host the Ha, Hb and Hc protons of 
4-hydroxybenzaldehyde shifted upfield (see Figure 2a) The larger shift 
found for Ha as compared to Hb is probably due to the fact that the former is 
buried more deeply in the cleft Presumably a bifurcated hydrogen bond is 
formed between the hydroxyl group of the guest and both the carbonyl and 
amine function of l b , leading to a tilted orientation of the aldehyde in the 
cleft as depicted in Figure 2b The upheld shift observed tor the loimyl 
proton ot the aldehyde may be explained in two ways (/) this formyl proton 
is wedged between the cavity walls, (u) the guests carbonyl function is 
involved in hydrogen bonding with the hydroxyl function of the receptor 
side chain 
When 3,4-dihydroxybenzaldehyde, which is virtually insoluble in CDCI3, 
was added to l b in CDCh a clear solution was obtained For the cavity walls 
protons an upfield shift of approximately 0 56 ppm was observed b Also 
small downfield shifts tor the CFbN piotons were visible as well as changes 
in the signal pattern suggesting that the nitrogen atoms are involved in the 
binding The aromatic and formyl protons of the guest displayed upheld 
a
 Host and guest concentrations were approximately 0 02 and 0 001 M respective!) 
h
 Host and guest concentrations as in Figure 2 
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shifts. A straightforward assignment of the shifts of the guest signals is 
complicated by the fact that ori/io-dihydroxybenzenes are known to form 
intra-molecular hydrogen bonds. Therefore the orientation of 3,4-
dihydroxybenzaldehyde in the receptor can not be easily derived from the 
NMR spectra. 
Я -0.58 .0.45 
H» Hb 
R—N 
H -0.31 
Figure 2.a)Complexation induced1 H-NMR Shifts (in ppm) observed for 
aldehydes in CDCI3 upon addition of receptorl h Concentration/M 
(host, guest) : 2 (0.0012 ,0.020 ), 3(0.034 ,0.016 ). * Resonance is 
obscured by resonances of 1b. b) Mode of insertion of 4-hydroxy-
benzaldehyde between the cavity walls of 1 h 
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5.2.2 Hydrocyanation reactions in the presence of receptors 1. 
Following the procedure of Inoue3 the addition of hydrogen cyanide (2 
mmol) to benzaldehyde (1 mmol) was carried out, using 0 01 mmol of 
receptors 1 in toluene as the catalysts In the absence of the receptor no 
product could be detected after 16 hours After 2 hours of reaction, 
analogous to the procedure of Inoue3· we quenched the catalyst by adding an 
small excess of methanohc hydrochloric acid Subsequent evaporation and 
removal of the catalyst over a short column of silica gel however gave 
extensive degradation of the product Therefore, the excess of HCN was 
removed by evaporation, and the catalyst was filtered off with the help of a 
short silica gel column In this way a mixture of mandelonitnle and 
unreacted benzaldehyde was obtained Removal of the latter compound with 
an aqueous solution of sodium bisulfite2 also resulted in severe product 
degradation Conversions were therefore determined on the crude reaction 
mixture with 'H-NMR To determine the extent of asymmetric induction the 
cyanohydrin in the crude mixture was transformed into the corresponding 
diastereomeric menthyl carbonate 3 The e e value was determined by 
integrating the · H-NMR signals of the methine protons a to the cyano group 
For the cyanohydrin of naphtaldehyde the signals oí the methine protons of 
the menthyl carbonate could not be resolved by 'H-NMR Consequently, no 
e e value could be determined 
Table I. Hydrocyanation of benzaldehyde catalyzed by receptors 1 
Receptor 
1 a 
1 b 
1 с 
1 d 
1 e 
I f 
Reaction 
time/h 
2 
16 a 
16 a 
2 
2 
2 
Yield/% 
38 
2 3 
4 0 
34 
0 
34 
e e/% 
5 
0 
1 
4 
-
6 
Configuration 
ot product 
S 
-
S 
s 
-
s 
Reaction mixtures were not completely homogeneous 
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For the cyanation of benzaldehyde, conversions were found to be in the 
range of 20-40% (except for l e , see Table I) Prolonged reaction times (e g 
156 hours for l a ) did not increase the yield The е е values amounted to 0-6 
% In the case of le as the catalyst no mandelonitnle could be isolated 
Attempts to hydrocyanate the hydroxy-substituted benzaldehydes in the 
presence of receptors 1 failed Also hydrocyanation of these compounds with 
Et^N as the catalyst did not yield product When the experiments were 
carried out in a sealed tube at 40 °C a small amount of product could be 
delected 
5.2.3 Discussion 
Our receptors 1 (except l e ) catalyze the hydrocyanation of benzaldehyde, 
but the conversions are low г e 20-40 %, even after prolonged reaction times 
A possible explanation for the low yields is that during work-up product 
degradation takes place Mandelonitnle is known to be relatively unstable 
and decomposes easily into hydrogen cyanide and benzaldehyde 
Concentrating the reaction mixture in the presence of the catalyst might 
have led to loss of product Jackson et al 9 have used the same procedure as 
described above and yet report yields up to 90 % Therefore, it is less likely 
that loss of product is the main reason for the low conversions A second 
explanation may be inhibition of the catalyst due to auto-oxidation of the 
aldehyde in the reaction mixture to benzoic acid Inspection of the ' H - N M R 
spectrum of the concentrated reaction mixture in the case of l a revealed a 
small downfield shift of the CH2N protons (vide injra) Control experiments 
showed that these shifts were much smaller then those observed when two 
equivalents of benzoic acid were added to receptor l a Again some loss of 
catalytic activity may have occurred, but this can not account for the low 
yields A third reason, which may explain the low conversions, is inhibition 
of the catalyst by the reaction product A mixture of catalyst l a , unreacted 
benzaldehyde, and cyanohydrin (molar ratio = 1 100 70 ) displayed an 
upheld shift of approximately 0 2 ppm of the cavity wall protons A small 
downfield shift (0 1 ppm) was also observed for the CH2N protons of the 
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crown ether rings of l a Since benzaldehyde is not bound by l a , interactions 
between the cyanohydrin and the receptor must be responsible for the 
observed shifts Inhibition of the catalyst by the product could therefore be 
the main reason for the observed low yields of product A more detailed 
investigation is necessary to substantiate this explanation 
The lack of reactivity of the tested hydroxybenzaldehydes is probably due 
to a deactivating effect of the OH substituents A similar observation was 
made by Jackson et al ' ° 
The low enantioselectivity of the hydrocyanation reaction is difficult to 
rationalize without knowledge of the structures of the receptors in solution 
Therefore, we decided to study the conformations of the receptors in more 
detail by NMR The results of this study are presented in Chapter 7 
5.3 Experimental section 
General. For general remarks see Chapter 3, Section 3 3 The synthesis of 
l a - f was described in Chapter 3 Prior to use the receptors were dried in a 
Schlenk vessel under vacuum (0 5 mm Hg) at 100 °C for several hrs 
Benzaldehyde was dissolved in ether and this solution was washed twice 
with a 2 M NaOH solution The organic layer was dried over MgSC<4 After 
removal of the ether in vacuo the benzaldehyde was distilled and 
subsequently stored under argon 4-Hydroxybenzaldehyde 3 4-dihydroxy-
benzaldehyde, and 1-naphtaldehyde were commercial samples and punhed 
over a short silica gel column prior to use Menthyl chloroformiaat was a 
commercial sample and used as received CDCh was dried over 4 A molecular 
sieves prior to use Warning The preparation of hydrogen c\amde and all 
reactions \iith this compound must be performed in a hood using gloves 
Preparation of HCN solution A stock solution of HCN in toluene was 
prepared in the following way In a closed apparatus, connected to a safety 
vessel which in turn was coupled to a second safety vessel containing a 1 M 
NaOH solution, was added dropswise 5 ml ol 2 84 M H2SO4 (standardized 
with sodium bicarbonate 1 1 ) to a two layer system containing 50 ml ot 
toluene and a solution of 1 47 gram NaCN (min 95 % = 28 5 mmol) in 10 ml of 
water No gas evolution was observed After the two layer system had stand 
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for 30 min, the water layer was removed by Schlenk techniques and 
destroyed with bleach The toluene layer was transferred to a second 
Schlenk vessel containing NaiSCM After stirring for 30 min , the Na2SCU was 
filtered off using Schlenk techniques The concentration of the HCN in toluene 
was determined to be approximately 0 35 M (35 % yield) With a different 
experimental set-up, which made it possible to stir the above mentioned 
toluene and water layer, a 0 68 M solution of HCN in toluene could be 
obtained 
The stock solution of HCN was stored in a freezer The storage flask was 
sealed and then secured with a wire It was placed in a storage vessel and 
totally surrounded with CaO The storage vessel was then closed and sealed 
and left to stand in the hood for 30 mm It was subsequently transferred to 
the freezer 
Titration of HCN solution.2 To a sample of 2 ml of the stock solution was 
added 10 ml of MeOH This mixture was titrated with an 0 5 M silver nitrate 
solution while stirring the solution in a hood, using diphenylcarbazone as an 
indicator 
Typical hydrocyanation procedure To the catalyst (0 01 mmol) in a 
Schenk vessel was added under argon 3 ml of a stock solution of HCN and 0 1 
ml of benzaldehyde (1 0 mmol) The reaction mixture was stirred for 2 hrs 
The solvent and excess HCN were removed in vacuo and the residue was 
purified over a short silica gel column using EtOAc/n-hexane (1 5 v/v) as the 
eluent After evaporation of the solvent, a crude mixture of cyanohydnn and 
benzaldehyde was obtained 
Determination of e.e. values.3 To a small sample of the crude mixture of 
benzaldehyde and mandelonitnle were added 220 mg (1 mmol) of 
menthylchloroformiaat, 2 ml of toluene, and 80 mg (1 mmol) of pyridine 
The mixture was stirred overnight and subsequently purified over a short 
silica gel column using CHCI3 as the eluent The ratio of the diastereomenc 
carbonates was determined by ' H-NMR using a Bruker 400 MHz instrument 
Spectral data for mandclomtril1 2 and (2R and S ) -2 -pheny l -2 - ( lÄ , 25, 5R)-
menthyloxycarbonyloxyacetoni t r i le 3 were in agreement with those reported 
in the literature 
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Chapter 6 
Receptors Functionalized with Chiral Aza-
Crown Ether Rings as Nucleophilic Catalysts 
for the Baylis-Hillman Reaction 
6.1. Introduction 
The base-catalyzed reaction of activated alkenes with aldehydes is 
generally referred to as the Baylis-Hillman reaction (Scheme l ) . 1 Tertiary 
amines have proven to be efficient catalysts.2 The reaction proceeds via 
dipolar intermediates (Figure 1) and is accelerated by pressure. When the 
amine contains a hydroxyl function in the ß-position {e.g. 3-hydroxy-
quinuclidine) a rate enhancement is observed.3 This feature prompted us to 
test receptors of type 1 functionalized with chiral β-amino alcohols as 
stereoselective catalysts for the reaction. 
Scheme 1 
R 
H H Base I 
> = < + RCHO Η CHOH 
Η X > = < 
Η χ 
Χ = CHO, C02R, COR, CN. 
Acrylonitrile and benzaldehyde were chosen as the reactants. The 
possibility of π - π stacking interactions between our chiral receptors and 
benzaldehyde was the basis for the choice of this aldehyde. Also 3,5-
dihydroxybenzaldehyde, which forms a 1:1 complex with our receptors, was 
tested as a reactant. 
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RüN 
з™ v_> CN FUN+ CN 
RoN+ CN 
R3N
+
. 
OH 
R3N 
I 
^ C N 
Figure 1. Mechanism of the Bayhs-Hillman reaction as proposei 
by Hill and Isaacs4 
When the Bayhs-Hillman reaction is carried out under high pressure 5-10 
mol % tnethylamine or l,4-diazabicyclo[2 2 2]octane (DABCO) are generally 
added catalysts. 4 ' 5 As solvents reduce the reaction rate, neat conditions are 
generally applied However, to allow for structural variation of the aldehyde 
(which includes the use of solid ones) we decided to test our catalysts in the 
presence of a solvent, / e diethyl ether and THF 6 
6.2 Results and discussion. 
6.2.1 Model compounds. 
In preliminary experiments using acrylonitnle, ben/aldehyde, and l a in 
THF under high pressure6 no product tormation was observed 
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Chart 1 
(Я) 
он _ 
(Я) (S) 
d e 
Also under neat conditions the receptor turned out to be catalytically 
inactive To elucidate whether this result was caused by structural features 
of la or was due to the reaction conditions, we decided to perform detailed 
experiments with model compounds of our receptors 
The effect of the catalyst concentration and the solvent on the reaction 
between acrylonitnle and benzaldehyde was determined for tnethylamine 
Under neat conditions, lowering of the amount of catalyst gave rise to 
polymerization of the acrylonitnle (see Table I, entries 1 and 2) Addition of 
a radical inhibitor could prevent this polymerization reaction (entry 3) In 
THF good conversions were obtained even when the catalyst concentration 
was lowered to 5 mol% (entries 4-7) In a second series of experiments we 
tested 2, which is a model compound for l a , as a catalyst Surprisingly, 2 did 
not catalyze the reaction (entry 8) Use of higher temperatures (entry 9) or 
longer reaction times (entry 10) had no effect Elongation of the side chains 
of the tertiary amine (compound 3) was found to have little effect on its 
catalytic activity (entry 11) We reasoned that the formation of a strong 
6 0 Chapter 6 
intramolecular hydrogen bond under high pressure might be the reason for 
the lack of activity of 2 The results obtained with 4 however show that this 
explanation is less likely (entry 12) Subsequently, we tested compound 5 as 
a catalyst (entry Π ) It turned out to be completely unreactive Apparently, 
branches at the α-carbon atom decrease the catalytic activity of the tertiary 
amine This was further confirmed when 6 and 7 were measured (entries 14 
and 15) We propose that too many branches prevent attack of the lone pair 
of the amine on the double bond of acrylonitnle 
Chart 2 
H 0
^ ^ I HO-\ Ph /
 P h 
i i i i ι Ί 
N N N Ν Ν N 
AAA^AA 
(R) (R and S) (R) 
2 3 4 5 6 7 
Bode and Kaye7 have shown that the rate of the Bayhs-Hillman reaction at 
ambient pressure is enhanced in more polar reaction mixtures We therefore 
decided to test compound 2 in other solvents than THF Indeed in CHCh 
(entry 16) and CH-(CN (entry 17) a catalytic reaction was observed again, 
indicating that also under high pressure the Bayhs-Hillman reaction is 
favoured by more polar solvents 
6.2.2 Reaction in the presence of receptors. 
The lack of catalytic activity observed for l a in the initial experiments is in 
line with the results obtained with model compound 2 To our surprise we 
found that also receptors l b , l c , and Id did not catalyze the Baylis-Hillman 
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reaction (Table II, entries 1, 2, and 3) Inspection of CPK-models of receptors 
l b and I d and model compounds 7 and 4 revealed that for both type of 
compounds the lone pair of the nitrogen atom is equally available for 
catalysis The difference in catalytic activity could be caused by a decreased 
solubility of the receptors under high pressure conditions However, as the 
reactions were performed at low catalyst concentrations and the reaction 
mixtures were found to be homogeneous when depressunzed quickly, such 
an explanation is less likely As we had found that the reaction is promoted 
by more polar solvents we repeated the experiment with I d in CDCI3 In this 
solvent after 66 hours 45% conversion was reached (Table II, entry 4) 
Raising the temperature to 50 °C increased the conversion even to 95% 
(Table II, entry 5) After workup the e e value of the product was 
determined by 'H-NMR using a shift reagent The е е turned out to be less 
than 5% For receptor l e , which has branches at the α-carbon, only a trace of 
product was formed even at 15 KBar and 50 °C (Table II, entry 6) 
Subsequently, we tested 3,5-dihydroxybenzaldehyde, which forms 1 1 
complexes with receptors 1, as the reagent 1 0 As this aldehyde is virtually 
insoluble in chloroform we had to use mixtures of solvents In preliminary 
experiments with Et3N as the catalyst (Table III, entries 1-4) 3,5-
dihydroxybenzaldehyde appeared to be less reactive than benzaldehyde 
Formation of the Bayhs-Hillman product could only be observed at elevated 
temperatures The reason for this low reactivity at low temperature is 
probably a trivial one after quickly depressunzing the reaction mixture, it 
was found that the aldehyde had partly precipitated At 50 °C this compound 
remains in solution and reacts faster 
Finally, we studied the reaction of 3,5-dihydroxybenzaldehyde and 
acrylomtnle in the presence of I d Again the receptor catalyst turned out to 
be less active than tnethylamine (Table III, entries 5 and 6) Product 
formation was only observed when a mixture of 2-propanol and CHCI3 was 
used as the solvent (Table III, entry 7) The fact that Id is only active when 
an extra hydrogen bond donor (e g 2-propanol) is added, may indicate that 
the hydroxyl function of Id is not available for catalysis under the 
employed reaction conditions Because of the low conversion no e e value 
was determined In line with the results obtained for benzaldehyde we 
tound that the receptors with branches at the α - c a r b o n atom were 
unreactive, even at 15 KBar and 50 CC (Table III, entry 8) 
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6.2.3 Conclusions 
We have shown that Et3N at concentrations of approximately 5 mol% in THF 
as a solvent can catalyze the Bayhs-Hillman reaction under high pressure 
Under similar conditions simple acyclic tertiary amines with branches at 
their α-carbon atoms show a remarkable decreased activity This means that 
most of the receptors prepared in the course of our studies are not suitable 
as catalysts for the Bayhs-Hillman reaction, since all (except I d ) possess this 
feature Our experiments with I d indicate that this receptor is not as good a 
catalyst as is the corresponding acyclic model compound 
An additional finding is that the Baylis-Hillman reaction under high 
pressure is promoted by polar solvents 
6.3 Experimental section 
General. For general methods see Chapter 3, Section 3 3 Benzaldehyde was 
purified as described in Chapter 5, Section 5 3 The synthesis of l a , l b , I d 
and le and the procedure for drying of the receptors is described in Chapter 
3, Section 3 3 and in Chapter 4 Section 4 3 THF was distilled from sodium 
ketyl prior to use CDCI3 and MeCN were dried over 4 Â molecular sieves 
CHCI3 for the catalytic experiments was purified according to a literature 
procedure ' ' 3,5-Dihydroxyben/aldehyde was a commercial product and 
purified over a short column of silica gel (eluent, 2% МеОН/СНСІз, ν ν) prior 
to use All other compounds were commercial products and used as received 
For the high pressure experiments, reaction vessels with teflon caps were 
used They were equipped with a steel screw The apparatus used to perform 
the high pressure experiments has been described previously 1 2 GLC analysis 
was performed on a Hewlett-Packard 5890A gas Chromatograph equipped 
with a capillary column HP-1 using the following temperature program 
100°C(5 min )/100oC-150°C(5°C/min)/150oC(5 min) Ni t rogeni ml/min) was 
used as a carrier gas 
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Compound le This compound was synthesized according to the procedure 
described in Chapter 3, Section 3 3 
(Ä )-(-)- iV,/V-Dipropyl-2-amino-butanol (2). A mixture of 3 5 g (39 
mmol) of (R) ( )-2-amino-l-butanol, 14 g of К 2 С О з , and 14 g (82 mmol) of n-
propyl iodide in 150 ml of THF was refluxed with stirring under nitrogen for 
68 hrs After filtration of the K2CO3 the solvent was evaporated, and the 
product was purified over silica gel (eluent 3% МеОН/СНОз, v/v) Yield 48% 
of 2 as a colorless oil Rf=0 46 (silica, eluent 10% МеОН/СНСІз, v/v), [a] D 20=-
86,9°(c=l 0, CHCI3), 'H-NMR(90 MHz, CDCI3) 5 3 53 (d, IH, СЯНОН, J=10 0 Hz), 
3 47 (d, IH, СНЯОН, J=10 0 Hz), 3 13 (t, IH, OH, J=10 0 Hz), 2 46 (m, 5H, NCH 
and NCH2), 1 92 (m, 6H, CH 2), 0 84 (t, 9H, CH 3, J=14 0 Hz) 
(±)-/V,N-Dipropyl-l-amtno-2-propanol (4). A mixture of 3 g (40 mmol) 
of (±) l-amino-2-propanol, 10 g of K2CO3, and 13 5 g (79 mmol) of propyl 
iodide, in 30 ml of acetonitnle was refluxed with stirring under nitrogen for 
14 hrs After filtration of the K2CO3 the solvent was evaporated, and the 
product was purified over a short silica gel column using THF as eluent Yield 
40% of 4 as a colorless oil Rf = 0 77 (silica gel, eluent THF), 'H-NMR(CDCl3, 90 
MHz) δ 3 89-3 42 (m, 2H, С(ОН)Я and ОН), 2 69-1 98 (m, 6Н, NCH 2 ), 1 49 (m, 
4H, CH2), 1 04 (d, ЗН, С(ОН)СЯз, J=6 0 Hz), 0 82 (t, ЗН, СНз, J=7 0 Hz) 
(R)-(+)-N ,N -Dipropyl-1-phenylethylamine (6). This compound was 
synthesized from (/?)-( + )-jV,A'-dipropyl-l-phenylethylamine (4 g, 33 mmol) 
and propyl iodide (11 g, 65 mmol) as described for 4 The product was 
purified over a silica gel column (eluent 1% MeOH in CHCI3, v/v) Yield 45% of 
6 as a colorless oil Rf= 0 2 (silica gel, eluent 1% MeOH/CHCl3, v/v), ' H - N M R 
(90 MHz, CDCI3) δ 7 27 (m, 5H, Ph), 3 83 (q, IH, CTCH3N, J=7 2 Hz), 2 30 (m, 
4H, NCH2),1 33 (m, 7H, CH 2 and NCCH3), 0 87 (t, 6H, CH3, J=6 3 Hz) 
N,7V-Dipropylbenzylamine (7) This compound was synthesized from 
benzylamine (4 g, 37 mmol) and propyl iodide (15 g, 88 mmol) as described 
for 4 The product was purified over a short silica gel column (eluent 
dnsopropylether) Yield 77% of 7 as a colorless oil Rr=0 53 (silica gel, eluent 
dusopropylether) 'H-NMR (CDCI3, 60 MHz) δ 7 35 (m, 5H, Ph), 3 63 (s, 2H, 
P h Œ 2 N ) , 2 31 (t, 4H, NCH2, J=7 6 Hz), 1 90-0 70 (m, 10H, CH2 and CH3) 
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General procedure for the Baylis-Hillman reaction Benzaldehyde 
(212 mg, 2 mmol), acrylonitrile (212 mg, 4 mmol), the amine catalyst (100 
mg of a 10 mol % solution in THF) and THF (1 27 g) were weighted into a 
flask To this mixture a small amount of 3 - fe r r -bu ty 1-4-hy d r o x y - 5 -
methylphenyl sulfide was added A Teflon reaction vessel (0 7 or 15 ml) was 
filled with the reaction mixture and sealed with a screw In order to 
determine the conversion, the reaction mixture was transferred 
quantitatively into a NMR tube immediately after pressure release 
Conversions were determined by comparing the integrals of the aldehyde 
peak and the vinyl protons of the alyl alcohol in the !H-NMR spectra of the 
samples Conversions were also checked by GC analyses of the reaction 
mixture 
2 - ( l - H y d r o x y - l - p h e n y l m e t h y l ) a c r y l o n i t r i l e . After the reaction the 
solvent was evaporated and the product was purified over a silica gel 
column (eluent EtOAc/n-hexane, 1 2, v/v) The analytical data of this 
compound were the same as those reported in the literature ' ^ 
2 - ( l - H y d r o x y - 1 - ( 3 ' , 5 ' - d i h y d r o x y b e n z y l ) a c r y l o n i t r i l e 'H - N M R 
(signals from the crude reaction mixture, 90 MHz, CDC^/CÖ^OD (3 1, ν/ν)) δ 
6 41 (m, 2H, АгН), 6 33 (m, IH, АгН), 6 1 and 6 0 (2x s, 2H, CW2=C(CN)), 5 13 
(brs, lHCtf(OH)) 
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Chapter 7 
Conformation of Receptors Functionalized 
with Chiral Aza-crown Ether Rings 
7.1 Introduction 
Receptors la-k (Chart I) contain a rigid cleft flanked by two flexible aza-
crown ether rings to which (chiral) side arms are connected In this cleft 
aromatic guests can be bound In Chapters 4-6 receptors l b - k were tested 
as chiral catalysts in a Michael addition, a hydrocyanation reaction, and a 
Baylis Hillman reaction It was expected that after initial binding of the 
guest in the cleft of the host, the chiral side arms of the latter would 
participate in the enantioselective transformation of the guest However the 
obtained e e values suggested that the side arm does not fulfil this function 
This was confirmed by preliminary kinetic experiments (Chapter 4, Section 
4 2 3) 
In order to elucidate the reason for this behaviour we performed a NMR 
analysis of the conformation of chiral receptors 1 in solution Also the 
conformations of two host-guest complexes of receptor l i were studied 
Before treating the NMR spectra of the chiral receptors in detail, the NMR 
data of the achiral receptor la will be discussed briefly as a reference 
The results from the NMR studies were used as an input for explorative 
Molecular Mechanics calculations as well as Molecular Dynamics simulations 
on receptor l i and its host-guest complexes Preliminary results of an X-ray 
analysis of receptor Ik are also presented 
Finally, the results of all described studies are used to evaluate the 
performance of receptors of type 1 as chiral catalysts 
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7.2 Results and discussion. 
7.2.1 'H-NMR spectrum of achiral receptor la. 
In the 'H-NMR spectrum of la (Figure 1) the C 8 protons are visible as a 
triplet at 2 90 ppm For the H a (5 66 ppm) and H b (3 72 ppm, partly obscured 
by crown ether ring resonances) protons an AX pattern is found with a 
coupling constant of 16 Hz The C 5 , C 6 , and C 7 protons display a multiplet 
between 3 60 and 4 20 ppm One of the C 5 protons is slightly shifted 
downfield, probably because it is in the deshielding zone of the aromatic 
wall For this proton the coupling with its geminai partner and two vicinal 
neighbour protons should result in a pattern of eight lines This is indeed 
found, but the splitting pattern for this proton is dissymmetric We assume 
that for the crown ether rings at least two (sets of) conformations exist that 
exchange slowly on the 'H-NMR timescale at 400 MHz As a result a more 
complicated pattern arises ot which some lines coincidentally overlap 
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Figure 1 1 H-NMR spectrum of 1a in the region 2.5-6 ppm (solvent CDCI3) 
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Figure 2. Details of the 1 H - N M R spectra of receptors 1b-k; left : H a 1 and H a 2 , right C8/ 
C8 ' protons and the NC(H) of the R groups. 
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7.2.2 Conformation of chiral receptors 
Upon the introduction of a chiral group R* the planes of symmetry present 
in l a are lost and the receptors obtain a C2-axis as symmetry element All 
previously equivalent atoms on both sides of the plane through the carbonyl 
groups have become diastereotopic One would expect that the chemical shift 
differences due to diastereotopy are only felt by atoms that are separated by 
a few bonds from the chiral centre However, inspection of the NMR data of 
the chiral receptors lb-k (see Table I C'C-NMR) and Figure 2 ( ' H - N M R ) ) 
reveals that differences in chemical shift are also found for much more 
remote atoms, even for hydrogen and carbon atoms that are separated by 
more than eight bonds from the chiral center This makes it unlikely that the 
chiral centres express them selves through bonds via electronic effects 
There are two ways the chemical shift differences observed for the remote 
atoms can be explained (0 the chiral groups introduce a twist as a result of 
which the crown ether rings become asymmetrically positioned with regard 
to the cavity The chiral effect is thus transferred ι ia an influence on the 
conformation of the entire molecule, (n) the chiral groups affect the chemical 
shift position of the remote atoms through space This means that they must 
be located close by these atoms It is obvious that the observed chemical 
shift differences in Table I and Figure 2 can also originate from both (i) and 
(") 
The receptors will have many conformations in solution and an average 
structure is reflected by the NMR data Taking this into account grossly four 
options can be defined for the chiral side chains of receptors 1 (<) above the 
crown ether rings ( I II ) , below the crown ether rings (I) , (n) at an 
intermediate position (II) , and inside the cavity (IV), see Figure 3 In the 
following discussion these positions are examined 
Receptors without hydroxyl groups 
In the 'H-NMR spectrum ot lb , the C 8 and C 8 protons (Chart I) display an 
AB pattern (see Figure 2) In the n C - N M R spectrum ol this compound (Table 
I) differences in chemical shift are found for one of the OCH2 carbons 
(presumably C 7 / C 7 ) Both these phenomena can be attributed to 
diastereotopy As only one set of carbon atoms displays a shift difference the 
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Ν-—R* 
Figure 3. Schematic drawing of the possible positions of the side chains R 
with respect to the crown ether rings of 1 
influence of the chiral sec-butyl groups on the conformation of the crown 
ether rings in l b seems to be very small 
The sidechains R* of receptor l c contain the more rigid phenyl group In 
the 'H-NMR spectrum of this compound the pattern observed for the C 8 and 
C 8 protons is more complex, than that of the C 8 protons of l a (see Figure 2) 
and the '^C-NMR spectrum (Tabic I) displays a chemical shift difference for 
one of the ОСЬЬ carbons Just like in l b these effects can be explained in 
terms of diastereotopic effects due to the presence of the chiral groups R* In 
addition the 'H-NMR spectrum of l c shows a small shift difference3 (ca 
0 015 ppm) for H a l and H d 2 and the n C - N M R spectrum shows a shift 
a
 We assume that the observed differences are due to slightly different torsion angles 
tor С 3 С 4 О С 5 and С 3 С 4 О С 5 In СРК models the С 4 О and С 4 - О oxygen atoms are 
situated just above the H d s and an adjustment of the mentioned torsion angles can 
easily cause shift differences for the latter protons It is well known that l 3 C N M R 
chemical shifts are very sensitive to intramolecular interactions that lead to skeletal 
d e f o r m a t i o n s ' We assume that this is the reason why differences are observed for C 3 
and C 3 and not for C 4 and C 4 
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difference for carbons C 3 and C 3 We assume that these features are caused 
by a twist in the crown ether rings, since to have an influence through space 
on all these atoms the chiral group would have to rapidly shift positions 
above (position I I I ) and below (position I) the cavity, which is less likely 
Alternatively, the benzyl group could be inside the cavity In that case the 
mentioned carbons and protons would be in close proximity to the chiral 
gioup and could have different shifts However, the tact that the C 3 and C 3 
piotons do not display a shift difference disfavours this explanation 
The presence of a twist is supported by the chemical shift patterns of the 
highficld C 5 protons of l c . As compared to 1 a these protons posses an 
additional splitting 
Receptors with hydroxyl functions. 
All receptors containing hydroxyl functions in their chiral side chains 
display chemical shift differences for remote atoms in both the 'H-NMR ( H d l 
and H a 2 in Figure 2) and the l 3 C-speclra (Tabel I) As mentioned in the 
previous chapters these hydroxyl functions may be involved in 
intramolecular hydrogen bond formation There are several hydrogen bond 
acceptor groups present in the receptor, e g the crown ether nitrogen atoms, 
the crown ether oxygens, and the carbonyl group To determine the position 
of the side chains we performed NOE measurements for one of the receptors, 
vt: l i h All but one of the protons of the side chains of l i gave well resolved 
signals in the ' H-NMR spectrum The cleft protons and the protons of the 
side chains can serve as "antennas" lor determining which of the 
conformations I-IV is the dominant one in solution To get a "survey" of all 
enhancements we first measured a NOESY spectrum and then performed NOE 
dillerence measurements to obtain a more detailed picture In the NOESY 
spectrum only positive cross-peaks were found Also in the NOE difference 
spectra primarily positive enhancements were observed, indicating that li is 
in the cxtieme narrowing limit ( ш т
с
< 1 1 2 ) 2 The results of the NOE 
experiments are depicted in Figures 4 and 5 and in Table II 
" This receptor was chosen because the side chain phenyl groups have well resolved 
signals in the ' H-NMR spectrum Moreover the position of these groups is coupled to 
thai of (he hydroxyl group Thus they can be regarded as probes for the latter groups 
Assignment ot the signals of the side chain of li was made by spin decoupling 
experiments 
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Figure 4. Cross-peaks found in the NOESY-spectrum of 1i. Cross-peaks marked 
with an * are tentative assignments. 
Ha1 and H32 
-^ ^^v* 
Hb1 and Hb2 
Figure 5. NOE-difference spectrum of receptor 1i resulting from irradiation 
of Ha1,Ha2 (see Figure 4 for numbering of protons). 
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Table II Results of NOE-difference experiments on l i 
Irradiated proton Observed NOE 
H d l and H-12 НЫ and H b 2 , 7 1%, Hh,l 2% 
H h H d l (or H a 2 ) , 0 5%, №, 3 1%, 
C//(CH3)N, 1%,СНз, 1% 
CH3 H
h
, 2 1%, H6, 1 5%, 
Œ(CH3)N 4 4% ·» 
Hg Hh, Ctf(CH3)N, Cbh 
a Relaxation also occurs via crown ether OCH2 and CH2N protons 
The most interesting result was obtained when the two На 'ь were irradiated 
a positive NOE effect ( 1 2 % ) was observed on H h (see Figure 5) Irradiation 
of Hh produced a NOE of 0 5 % on the H a at the lowest field position This 
means that this H d and H h must be in close proximity It also shows that the 
chiral side chain is positioned asymmetrically with respect to the cavity In 
Figure 5 positive NOE enhancements are also visible for the H b protons and 
in addition to this a small negative enhancement for the He protons The 
latter is probably due to an indirect effect in the spin system H a , H h, and He 
Irradiation of the methyl group produced a NOE with the solvent (Table II), 
which indicates that this group must be on the exterior of the receptor 
Inspection of CPK-models reveals that all observed NOE s are in agreement 
with conformation I of Figure 3 Spatial proximity (2 3 À) between Hn and 
H·* is also possible it the phenyl rings ot the side chains are located in the 
cavity (position I V ) As no upfield shifts for the cavity wall protons were 
found, this explanation is less likely The side chains could be directed 
toward position I because of intramolecular hydrogen bond formation 
between their hydroxy! functions and the carbonyl groups of the 
diphenylglycolunl moiety (sec Figure 6) The involvement of the OH groups 
in hydrogen bonding is in agreement with the slow exchange rate found for 
the OH protons (0 addition of a drop of CD3OD to l i in CDCI3 did not lead to 
exchange of protons aftei 5 minutes, (a ) integration of the region between 
3 5-4 5 ppm after 12 hours revealed that two protons were missing from the 
latter region Because of the resemblance of their NMR spectra it seems 
justified to assume that the other receptors (except for l g , vide m]ra) with 
hydroxyl functions also lorm intramolecular hydrogen bonds at 298 К 
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a b 
Figure 6. Computer generated drawings of receptor 1 i displaying intramoleculai 
hydrogen bonding a) side view, b) top view 
The 1 3 C-NMR data suggest that the hydrogen bonding pattern for the OH 
functions may be more complicated than indicated above and may not just 
involve the formation ot single hydrogen bonds with the C = 0 groups 
Hydrogen bonding to a carbonyl group decreases the electron density on the 
oxygen atoms and hence the shielding of the carbonyl carbon atom The 
range ot observed downfield shifts usually amounts to 2-Ю ppm 3 
Comparison of the l 3 C chemical shifts of the C=0 groups of theieceptois with 
and without hydroxyl functions (e g l b and I d ) reveals that the downfield 
shift is only 0 2 ppm The reason for this may be that the OH tunctions form 
hydrogen bonds with more acceptor sites e £ the crown ether oxygen atoms c 
Additional evidence tor this will be presented in the next sections 
It can be anticipated that upon intramolecular hydrogen bonding the 
conformational flexibility oí the crown ether rings becomes smaller As a 
result a more pronounced twist in these rings, can be expected This is 
ς
 This conclusion is in line with IR Data IR spectra of 1 mM solutions ot receptors l b 
I d and l g in CDCI3 at 298 К were very similar and showed wilhin experimental error 
no differences for the C = 0 stretching vibrations The positions of the OH vibrations on 
the other hand were indicative of intramolecular hydrogen bonding 
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indeed what is found From a comparison ol the NMR spectra of, for example, 
lb and Id (Figure 2 , Table I), it is clear that the dissymmetry in the latter 
compound is more pronounced for the C 3 / C 3 carbons and the H a s a shift 
difference is observed for I d , but not for l b We believe that the number of 
carbons C x / C x in Table I having a chemical shift difference, can be 
considered as a rough guide tor the extent of dissymmetry in the crown 
ether rings 
As explained in Chapter 4, our intention was to use the receptors 
functionahzed with amino alcohols as bitunctional catalysts When during 
our studies evidence accumulated that this was difficult to achieve with 
receptors with one hydroxyl function because of intramolecular hydrogen 
bonding, we decided to synthesize receptor l j This molecule contains two 
hydroxyl functions, and it was hoped that one of these would be 
preferentially involved in intramolecular hydrogen bonding, while leaving 
the other one available for catalysis However both type of OH protons were 
found to exchange with CD^OD within five minutes Thus probably both 
hydroxyl functions are involved in intra-molecular hydrogen bonding and 
exchange rapidly The less pronounced dissymmetry found for l j , as 
compared to l i (Table I and Figure 2) is in line with this 
Temperature dependent 1H -NMR studies. 
Temperature dependent 'H-NMR studies were carried out on receptor l g . 
This compound was initially synthesized because CPK-models showed that a 
phenyl group on the side chain ct-carbon atom would severely reduce the 
flexibility of the crown ether ring This, in turn, could prevent the formation 
of an intramolecular hydrogen bond, which was thought to be unfavourable 
for catalysis 
At 320 К the , 3 C-spectrum ol lg showed different signals for all crown 
ether C x / C x carbons This suggests that the crown ether rings are severely 
twisted as expected In the 'H-NMR spectrum negligible chemical shift 
differences were found for the H d l and H a 2 protons 
Upon cooling remarkable changes occurred (see Figure 7) At 260 К the H a ' 
and H J - protons displayed a shift difference of approximately 0 07 ppm 
Also the cavity wall protons H c l and H c 2 showed a shift difference (0 06 
ppm) Coalescence of the H a and H c signals was observed at approximately 
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Figure 7 a) 1H-NMR spectrum of 1 g at in CDCt, at 320 K, b) at 260 К , с) at 233.5 К. 
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310 К The rate constant of the corresponding process was calculated to be 
k
c
= 100 s ' , the average of 86 s"1 and 118 s"1 for the H c and H a protons, 
respectively This is related to a AG* value of approximately 64 8 KJ/mol We 
believe that the observed changes point to the formation of intramolecular 
hydrogen bonds as was found for eg l i Inspection of a CPK-model of 1 g 
shows that such intramolecular hydrogen bonds induce severe twists in the 
crown ethei rings, which can explain the observed AB pattern of the cavity 
wall protons 
Figure 8Drawing of receptorlg showing the "edge-to-face" stacking of the 
cavity walls and the aromatic rings of the side chains The conformation of th( 
molecule is the result of hydrogen bonding interactions between the hydroxyl 
functions in the side chains and the carbonyl urea groups of the 
diphenylglycoluril framework 
Upon cooling below 280 К a new set ot signals appeared in the ' H - N M R 
spectrum Due to their low intensity, the coalescence temperature could not 
be determined accurately It lies somewhere between 280 and 260 К The 
intensity ol the signals was approximately 1/9 of that of the other signals 
The conformation responsible for this new spectrum had side chain aromatic 
protons that were shitted downfield, and cavity wall protons that were 
shitted upheld Between 6 25 and 4 25 ppm some additional shifted signals 
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were visible. Their assignment was however less straightforward. We 
believe that the additional set of signals originates from a conformation in 
which the two side chain hydroxyl groups are directed towards the cavity, 
forming hydrogen bonds with the carbonyl urea groups from the top (Figure 
3, position IV). In this way the side chain phenyl groups become located in 
an "edge-to-face" fashion (see Figure 8) above the cavity walls, which could 
explain the observed large down and upfield shifts of the aromatic protons 
When the temperature was further lowered a splitting of the CbbN proton 
signals became visible The coalescence temperature was found to be _ 270 К 
The corresponding rate constant and AG* values are 107 s~' and 55 KJ/mol, 
respectively. This process probably involves the inversion of the lone pairs 
of the nitrogen atoms, which becomes slow on the NMR time scale below 270 
К (see also, Section 7.2.4) 
The 'H-NMR spectra of I d and li also showed evidence of nitrogen 
inversion (broadening of the C H T N and side chains C//N protons, see Figure 
2). Generally this inversion process has a low energy of activation and 
exchange between the two states is rapid. Wc assume that the presence of 
intramolecular hydrogen bonds hampers the nitrogen inversion. For 
receptors l e and l h , which are only slightly different from Id and l g , no 
line broadening was observed. This shows that subtle structural changes 
have a large influence on the inversion process, probably because of 
differences in the strenght of the intramolecular hydrogen bonds. 
In receptor If the distance between the nitrogen atom and the hydroxyl 
function is one carbon atom longer than in I d . Remarkably, for this receptor 
at room temperature a well defined pattern was found for the CbbN and side 
chain C # N protons. This can be explained in two ways: (/) the nitrogen 
inversion is fast on the NMR time scale, or (/'/) inversion does not occur. To 
discriminate between these possibilities 'H-NMR spectra were recorded at 
different temperatures but no major changes in the signal pattern were 
found. No conclusions can therefore be drawn with respect to cither (i) or 
(ri). The same holds for receptor I k , which is an isomer of I d , having the 
chiral center situated in ß-position from the nitrogen atom This compound 
also displayed sharp signals for both the C H T N and the side chains C # N 
protons, which did not change when the temperature was varied between 
235 and 320 K. We believe that for both receptors If and I k nitrogen 
inversion is fast al room temperature. In the former compound 
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intramolecular hydrogen bonding will not impede inversion because the 
position of the OH group in the side chain can allow more conformational 
treedom to the crown ether ring. The argument of more conformational 
freedom is also applicable to the latter compound, where the methyl 
substituent is present on the ß-carbon atom instead of on the α carbon of the 
side chain. 
7.2.3 Conformation of the complex between receptor li and 
p-hydroxythiophenol 
The results discussed in the preceding sections show that the hydroxyl 
functions of most receptors are involved in intramolecular hydrogen 
bonding, which directs the chiral side chains away from the cavities. To 
determine whether this hydrogen bonding is preserved upon complexation 
of a guest we studied the conformation of the complex between l i with p-
hydroxythiophenol. 
In the presence of an excess (4 equivalents) of receptor l i the aromatic 
protons of the guest (for numbering of protons see Figure 9c) were found to 
endure an upfield shift (ЬП 0.7 ppm, H^ 0.39 ppm). d This observation 
suggests that the thiol is wedged in between the cavity walls. The larger 
shift for НІ may indicate that this proton is inserted deeper into the cavity 
than Н2, probably because the guest's OH function is involved in hydrogen 
bonding with the urea carbonyl group. Upon irradiation of H ' a positive NOE 
of 0.2 % could be detected on H n (numbering of protons as in Figure 4), as 
well as a positive NOE (6.1 %) on H^. Negative NOE's were found for the H c 
protons of cavity walls at the highest field positione and the H a protons at 
the lowest field position as well as for the Hg protons. The negative NOE's for 
H c and H a arise because for the rigid part of the receptor holds that ω τ
ς
> 1.12 
(sec below). 
d
 Under these circumstances 15% of the thiol is in the complexée! form as was calculated 
trom a titration experiment The assignment and shift of the H1 and H2 protons is 
tentative 
e
 The cavity wall protons HL ' and Hc2 display an AB pattern for this complex (vide 
ι η f I (1 ) 
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Figure 9 a) Selected part of the 1H-NMR spectrum of 1 i in CDCI3. b) Idem, in the 
precence of 15 equivalents of p-hydroxythiophenol. c) Drawing showing the possible 
NOE contacts between protons Hi and the protons of the side chains when the latter 
are in upward (I) or downward (III) position. 
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The negative NOE for the HE protons is caused by an indirect effectf: 
inspection of CPK-molecular models of the complex shows that conformations 
in which the receptors HE protons and the guest protons H^ and H^ are in a 
nearly lineair arrangement, are well possible. The fact that only NOE's appear 
between the cavity wall protons at the highest field position and the Ha 
protons at the lowest field indicate that the guest is asymmetrically located 
between the walls of l i . The above mentioned NOE's do not give information 
about the position of the side chains of the receptor. All enhancements can 
equally well be explained by assuming either position I or position I I I for 
these chains (Figure 9c). 
In Figure 9b the 1H-NMR spectrum of receptor l i in the presence of an 
excess of p-hydroxythiophenol (15 equivalents) is depicted. For comparison 
also the spectrum without added guest is shown (Figure 9a). Under the 
former conditions 75% of the receptor is in the complexed form, as was 
calculated from a titration experiment. As can be seen the signals of the 
cavity wall protons have shifted upfield and display an AB pattern. % 
Remarkable the signals of CH2N and C#(CH3)N protons have become sharp 
upon complex formation. Also for these protons downfield shifts are found, 
viz. of ca. 0.23 and 0.31 ppm, respectively. These observations suggest that 
the nitrogen atoms are involved in the binding process. We assume that 
inversion at nitrogen no longer occurs, which could explain the sharp 
resonances. The binding constant of the complex between l i and p-
hydroxythiophenol was determined to be Ka= 127 M- ' .This value is notably 
higher than the binding constant of the complex between l c and this guest 
(Ka=82 M 1 ) . This suggests that the intramolecular hydrogen bond in free l i 
preorganizes the host, which results in stronger complexation of the guest. 
Under conditions of excess guest downfield shifts are observed for the 
methyl (0.1 ppm) and Hß (0.1 ppm) protons in the complex. The latter 
protons also display a small coupling (3.7 Hz). The Ha protons at the lowest 
field position have shifted somewhat downfield (Figure 9b). 
' The negative NOE cannot be due to a slow tumbling process in solution since HK is on 
the same side chain as Hn, for which a positive NOE was found (vide infra) 
? It was observed that at higher guest/hosl ratios the AB pattern disappears This can be 
explained in several ways, e.g 0) complexes of guest-host ratio > 1 are formed or (11) an 
impurity in the guest 1 e a disulfide is bound in the host at these concentrations 
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The NOESY-spectrum of li in the presence of 15 equivalents of the guest 
only showed cross-peaks between the H a and H b protons In contrast to the 
free receptor these cross-peaks were found to be negative Irradiation of H h 
in a 1D-NOE experiment gave positive NOE's for the He protons (2 %), the 
N ( C H T ) # protons and the protons of the methyl groups This means that for 
the rigid part of the complex шх
с
>1 12, whereas for the side chains ωτ
ς
<1 12 
Irradiation of H h also resulted in a positive NOE (0 3 %) for the H] protons of 
the guest Upon irradiation of the H a protons a negative NOE was found for 
the two Hb protons and also for the OH/SH and H2O protons (exchange 
signal) The latter NOE is probably an indirect effect on one of the 
exchangeable protons These NOE's can not be assigned as coming from either 
position I or III (see above) The NOE between H h and H a , which was found 
in the free receptor, was not present in the spectrum of the complex 
However one should keep in mind that already a slight change in the angle 
between the phenyl group and the side chain can make this NOE disappear 
7.2.4 Conformation of the complex between receptor li and 3,5-
dihydroxybenzaldehyde. 
In Chapter 5 we described the hydrocyanation ol benzaldehyde and (di)-
hydroxybenzaldehydes In order to get more insight in the mechanism ol 
this reaction we decided to investigate the structure ol the complex between 
compound l i and 3,5-dihydroxybenzaldchyde In particular we were 
interested to see whether the carbonyl group of the guest was able to 
compete as hydrogen bond acceptor with the acceptor sites in the receptor 
Addition of the guest (= 1 equivalent) to a solution of l i in CDCI4 caused the 
H 2 proton (see Figure 10a for numbering) to shift 2 23 ppm upheld Also the 
formyl proton shifted upfield, however to a smaller extent (0 19 ppm) just 
like the H' protons (0 31 ppm) In the NOESY spectrum (vide infra) the H' 
and H 2 protons showed cross-peaks with the cavity wall protons H c l and H c 2 
For the formyl proton only a cross-peak with Hi was found These results 
indicate that 3,5-dihydroxybenzaldehyde is complcxcd by li in a similar 
way as was reported for resorcinol and related receptors 4 The aromatic ring 
of the guest is wedged between the cavity walls ol li and its OH groups lorm 
hydrogen bonds with the urea carbonyl groups The cross peaks between H c ' 
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Figure 10. a) Cross-peaks found in the NOESY-spectrum of the 1.1 complex between 
3,5-dihydroxybenzaldehyde and 1i in CDCI3. b) Noe-difference spectrum obtained 
upon irradiation of the cavity wall protons at 6.21 ppm (above) and 6.10 ppm (below). 
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and H] and between H c 2 and H] differed in intensity, suggesting that the 
guest has a somewhat tilted orientation in the cavity of the host 
The cavity wall protons themselves displayed an upfield shift of с a 0 5 
ppm and had a shift difference of 0 11 ppm The coupling constant between 
these protons amounted to 8 9 Hz In the NOESY-spectrum, H c l and H c 2 
showed cross-peaks with different sets of crown ether CH2 p r o t o n s , 
indicating that the shift differences are related to different torsion angles of 
C 3 - C 4 - 0 - C 5 and C 3 - C 4 - 0 - C 5 (see Chart I for numbering) Thus upon 
complexation the twist in the crown ether rings of l i seems to become 
larger Downfield shifts and some sharpening were observed for the 
N C ( # ) C H 3 (0 16 ppm) and ЩСНі) (ca 0 1 ppm) protons upon complex 
formation Possibly, both the urea carbonyl groups and the nitrogens are 
involved in the binding of the guest However, the shift's and sharpening 
may also result from a decreased conformational flexibility of the crown 
ether rings 
The methyl and He protons of the side chains displayed downfield shifts of 
0 1 and 0 8 ppm, respectively From these data no information can be 
obtained on the position of the side chains in the host-guest complex 
Fortunately the NOE-measurements were more revealing in that respect In 
the NOESY-spectrum a clear cross-peak was found for one of the H a protons 
and the H n proton, indicating that the hydroxyl function is involved in 
intramolecular hydrogen bonding However, the spectrum also showed a 
small cross-peak between the cavity wall protons and the H n protons This 
was confirmed by a NOE-difference measurement irradiation ot H c ' and Η ς 2 
gave a positive NOE effect (0 4 %) on H n (Figure 10b) These results indicate 
that in the host-guest complex the side chains can adopt all three positions I, 
II and I I I This can be understood if the hydroxyl groups of the side chains 
are partially involved in hydrogen bonding with the carbonyl function ot the 
guest Such an infermolecular hydrogen bond is also in agreement with the 
observed downfield shift found of the formyl proton (vide supra) 
Irradiation of H c 1 and Η ς 2 was found to give a negative enhancement on 
the H6 protons of the side chains as well as on the phenyl protons H1 The 
former enhancement is probably the result of an indirect effect via proton 
H n The negative NOE found for H1 is very remarkable since the cavity wall 
protons and the protons of the phenyl substituents on the diphenyl glycoluril 
framework are far apart and not in a linear arrangement with any other 
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proton of the rigid part of the receptor to make an indirect pathway possible 
We already mentioned that the receptor side chains move between positions 
I and III We therefore assume that the negative NOE is an indirect effect of 
Hc on Hl, which proceeds via the Hn protons of the side chain This relaxation 
pathway is schematically illustrated in Figure 11 More experiments are 
however needed to fully substantiate this conclusion 
Figure 11. Possible pathway for the NOE effect of hf on H' 
7.2.5 Molecular Modelling studies 
Introduction 
We decided to perform Molecular Mechanics (MM) and Molecular Dynamics 
(MD) calculations to see if the trends apparent from the NMR studies could 
be reproduced and rationalized in more detail The calculations were carried 
out on receptor l i and its complexes because much NMR data was available 
for this compound 
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Molecular Mechanics calculations 
Starting conformations of l i with the side chain hydroxyl functions in 
positions I-IIIh were built in the manual input mode of the Quanta software 
programme Then twists were enforced in the crown ether rings by 
constraining the torsion angles of the four C 3 - C 4 - 0 - C 5 units during the initial 
stage of the calculations For different initial values of the torsion angles (e 
g ) as in Chart II and Figure 12a) calculations were performed 
Chart II 
Starting from different structures no single conformer was preferred Also 
no interconversion between the structures was observed Energy differences 
between minimized structures were found to be as high as 40 Kcal/mole 
This suggests that only local minima were obtained Visual inspection 
revealed that the structures with the lowest energy had collapsed crown 
ether cavities 
Molecular Dynamics calculations(MD) 
Several MD-runs were performed on receptor l i As a general trend self 
folding of the crown ether rings was observed for several starting 
" The fourth possibility (position IV) was not examined because NMR data suggest that 
for all receptors (except lg at low temperatures (see 7 2 2)) the contribution of this 
conformation to the avendge structure in solution is negligible This conformation is 
also less relevant with respect to the transition state model presented in Chapter 4 
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conformations (e.g. I - I I I ) 1 after 100 ps calculation time. More information 
was obtained from docking experiments with the guest p-hydroxy-
thiophenol. In this case collapsing of the crown ether rings was prevented by 
the guest. The dynamics were started with p-hydroxythiophenol placed 
above the cavity of the host. Already during the heating period the guest 
entered the cavity and formed a hydrogen bond with one of the urea 
carbonyl groups via its hydroxyl function. The thiol group of the guest 
formed hydrogen bonds with the oxygen atoms of the crown ether ring at 
the opposite site. This resulted in a tilted binding mode (Figure 12b and c). 
After 10 ps of simulation, nitrogen inversion was observed in the crown 
ether at the site where the hydroxyl function of the guest was located. At the 
SH site no inversion took place during the entire run (65 ps). These 
observations are of interest in connection with the afore mentioned 
sharpening of the CH2N protons in the 'H-NMR spectrum of certain 
complexes: at the SH site, interaction of the thiol function with the crown 
ether oxygens may lead to electrostatic repulsions between the sulfur and 
the nitrogens lone pairs. As a result the nitrogen inversion process will occur 
slower. During the simulation, rotations around the crown ether CH2 bonds 
were frequently observed. This was not the case for the rotations around the 
N-CH bond of the side chains. 
In a second MD run the behaviour of l i with 3,5-dihydroxybenzaldehyde 
as guest was studied. The guest was docked according to the binding mode 
suggested by the 'H-NMR experiments. The side chains of the host were 
placed in different starting positions. In a run of 100 ps at 300 К they 
remained in position I if they were initially placed that way. Starting from 
position I I , one side chain moved to position I, whereas the second one 
moved to position III (400 ps). Starting a simulation with both side chains 
in position I at 600 K, gave a similar result as at 300 K. 
' Whereas Molecular Mechanics calculations generate structures at 0 K, MD-simulations 
generate conformations at elevated temperatures. Starting with the receptor side chain 
in position I and the same conformation (manual input) for the two crown ethers rings 
on both sides of the cleft, different averaged conformations for the two latter rings 
were obtained after 100 ps. This suggests that a MD-run of only 100 ps is not sufficiently 
long to generate all possible conformations of the crown ether rings. 
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Figure 12 a Starling structure of 1 ¡used in the MM calculations b) Averaged 
geometry of the complex between 1i and p-hydroxythiophenol as obtained by 
calculating the average positions of the atoms during an MD simulation of 100 ps 
c) Idem, top view, d) Representative conformation of the complex between 
2,7-dihydroxynaphtalene and 1 ¡after an MD run of 60 ps. 
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This is remarkable since in the MD simulation of the free receptor at this 
temperature ïnlerconversion between positions I, II, and III was observed 
This indicates that upon complexation the conformational freedom ol the 
side chains becomes smaller The same conclusion can be drawn with regard 
to the conformational freedom of the crown ether rings 
In Chapter 4, Section 4 2 1 we suggested that a chiral side chain R* can 
introduce dissymmetry in receptors 1, in particular in the orientation of the 
crown ether rings with respect to the cavities of the molecules The above 
described MD simulations suggest that this dissymmetry leads to 
dissymmetric binding ol guest molecules in the cavities of l i . For the two 
studied guests this effect however was tound to be rather small We 
therefore carried out a sepaiate MD-simulation with l i and 2,7-dihydroxy-
naphtalene, which is a stencally more demanding guest The result is shown 
in Figure 12d In the MD-run ol 120 ps with the groups R* initially in 
position I, the guest appeared to be bound dissymmetrically alter 60 ps and 
this binding mode was maintained during the rest of the simulation This 
suggests that chirality in the side chains of the receptors indeed can enforce 
dissymmetric binding in the cleft of these moleculesJ 
7.2.6 X-ray analysis of receptor lb. 
We were able to grow crystals of receptor Ik that were suitable for a X-ray 
study Preliminaiy results ol the solid state structure of this compound are 
presented below 
The unit cell contains two molecules oí I k , denoted by A and B, and an 
unresolved collection of solvent molecules The positions of the 
diphenylglycoluril moieties were determined using vector search methods 
(ORIENT) 5 6 Expanding the partial structure by direct methods (DIRDIF)7 
gave most ol the linking crown ethers, and a suggestion of the positions of 
the 2 hydroxypropyl side chains 
J the calculations were only carried out with chiral receptors and not with achiral 
ones Therefore wc cannot be completely sure that the dissymmetric binding is not the 
result of the generation ot a random asymmetric start structure These results should 
therelore be treated with caution 
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Figure 13. Molecules A (above) and В (below) that form the unit cell of 1k. 
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Table III Selected interatomic distances (Ä) in the X-ray structure of Ik 
O60A 
O60B 
064A 
064B 
O60A 
O60B 
064A 
064B 
O60A 
03A 
033B 
054A 
CUB 
N36A 
03B 
04A 
N51B 
039A 
3 26 
3 12 
3 31 
2 60 
2 74 
2 85 
3 04 
3 01 
3 43 
O60B 
064A 
033A 
039A 
054A 
033B 
048B 
054B 
033A 
N36B 
N51A 
ΟΙΑ 
N36A 
05A 
N36B 
02B 
N51A 
N36A 
2 82 
2 84 
3 08 
3 36 
2 93 
2 93 
2 66 
3 70 
3 59 
048A 
054A 
039B 
048B 
039A 
048A 
033B 
039B 
054B 
02A 
N51A 
06B 
N51B 
06A 
N51A 
OIB 
N36B 
05B 
2 70 
2 99 
2 84 
2 96 
2 89 
3 64 
2 89 
3 77 
3 10 
C3I C32 
СЧ0 
The structure was refined in the non-centrosymmetnc spacegroup PI, but 
the structure analysis was severely hampeied by the presence of a pseudo-
center of symmetry and the disorder in the solvent molecules Structure-
relinement was carried out by the program SHELXL-93 8 using restraint 
geometries To compensate for the unknown nature of the solvent molecules 
and their probable disordered positions, we used the BYPASS procedure 9 
The conventional R-value (based on IFol) after refinement of 515 parameters, 
using the BYPASS procedure, is 0 12 for 2740 reflections with Ι>2σ(Ι) and 
591 restraints The maximal residual electron density (excluding the solvent 
area) is 0 59 eÀ -3 
The molecules A and В are shown in Figure 13 The geometries of their 
rigid central parts (which have Сг symmetry) are the same The 
onentations of the phenyl groups reduce the symmetry to C2 such that A 
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The molecules A and В are shown in Figure 13 The geometries of their 
rigid central parts (which have Сг symmetry) are the same The 
orientations of the phenyl groups reduce the symmetry to C2 such that A 
and В are related by a pseudo-center of symmetry However, the flexible 
crown-ether chains with the chiral 2-hydroxypropyl side chains do not 
follow the local rotational symmetry, and consequently, the local 
environment of each of the four 2-hydroxypropyl groups is different The 
hydroxy groups of all four side chains were found to be involved in one or 
two hydrogen bonds either with neighbouring crown ether oxygen and 
nitrogen atoms or with the urea carbonyl groups Some distances are given 
in Table III Other possible hydrogen bonds or intermolecular О О or O Cl 
contacts with solvent molecules (probably a mixture of water, diethylether 
and di- or tn-chloromethane) cannot be assigned because of disorder in the 
solvent area which covers a volume of 22% of the unit cell The final results 
of restraint refinement will be published elsewhere 
The X-ray data are preliminary and require final refinement Nevertheless 
the following significant features may be noted 1 0 (/) the side chains of 1 к 
are in position I, (и) several hydrogen bond acceptor sites are present in an 
area < 4 Â from the side chain hydroxyl groups 
7.3 Concluding remarks. 
In Chapter 4 (Figure 3) a working model was presented for the addition of 
p-hydroxythiophenol to 2-cyclohexen-l-one catalyzed by our receptors 1 
The actual experiments showed that the model was not valid It was noted 
that omission of a hydroxyl function in the side chains of 1 leads to a higher 
rate of the thiol addition reaction This was taken as evidence that the amino 
alcohol moieties of our receptors do not act as catalysts The results 
presented in this chapter have revealed that the side chains R* are located at 
the convex side of the receptors, viz in position I In this way the hydroxyl 
functions of the groups R* are not available for catalysis, explaining the 
obtained results 
For the complex between 3,5-dihydroxybenzaldehyde and l i it was shown 
that the aldehyde function of the guest can compete as hydrogen bond 
acceptor site with similar sites on the receptor This feature would have been 
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favourable for the catalytic reaction between this type aldehyde and HCN 
because the chiral side chains R* would no longer have been pulled away 
from the reaction center by hydrogen bonding with the host Unfortunately 
this has not resulted in induction for the HCN reaction 
Our NMR and molecular modeling studies indicate that the chiral R* groups 
enforce a twist in the crown ether rings of receptors 1. Intramolecular 
hydrogen bonding in position I increases this twist Apparently, the presence 
of such a phenomenon is not enough to achieve asymmetric catalysis 
7.4 Experimental 
Binding constants were determined according to protocols reported 
p r e v i o u s l y ' ' For the molecular mechanics calculations and molecular 
dynamics simulations starting structures were built using the QUANTA 
molecular modeling p a c k a g e . 1 2 Calculations were performed using the 
CHARMm force field version 21 З.'З 
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Chapter 8 
Host Molecules with a Rigid Chiral Cleft. 
8.1 Introduction 
In the previous chapters receptors with chiral side chains were discussed. 
It was found that these side chains have the tendency to diverge away from 
the substrate that is bound in the cleft of the host. Here we report the 
synthesis of hosts 1 that possess a rigid chiral cleft. The chirality is the result 
of substituents present on the xylylene walls of 1. For l b the resolution of 
the enantiomers is described. Also initial studies of complexation of chiral 
guests by l b are presented. 
Chart 1 
aX1,X2,X3,X4=H; R=Me 
b X1 ,X4 =Br; X2,X3= H; R=Me 
с X1,X3=Br; X2,X4= H; R=Me 
dX1=Br;X2,X3,X4=H;R=Me 
eX1,X2,X3=Br; X4= H; R=Me 
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8.2 Results and discussion. 
8.2.1 Synthesis 
Treatment of compound l a with 3 equivalents of bromine in the presence 
of iodine and Fe as a catalyst afforded l b and lc in equimolar quantities 
(total yield > 90 %, Scheme 1, route (i)). Also small amounts of Id and l e 
were obtained. All compounds could be separated and isolated by column 
chromatography. Initially only approximately half of the material was 
obtained. However, after addition of a small amount of tnethylamine to the 
eluent (ethyl acetate/n-hexane 60:40, v,v)) all material was recovered. 
Although lb and l c were isolated in good yields, small amounts of Id in the 
reaction mixture made purification laborious because l b and Id have very 
similar Rf-values. 
Scheme 1 
Cl­
el­
i a 
О 
-Л-
Ph-H-Ph^' 
• N N -
О 
Br2 Fe, l2 
('") 
Br 
МеО-^^-ОМе 
- 1b, 1c 
In order to avoid the formation of Id and l e route (n) of Scheme 1 was 
explored. Reaction of 2 in d i c h l o r o m e t h a n e with 2-bromo-l ,4-
dimethoxybenzene in the presence of SnCU yielded racemic l b and meso 
compound l c exclusively, as expected The racemate and the meso 
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-compound have a small difference in Rf-value and are only sparingly 
soluble in the eluent mentioned above. Considerable effort was therefore 
made to optimize the separation procedure. The best results were obtained 
by impregnating relatively small amounts of product on silica, using long 
columns and extended elution times. With the optimized procedure (see 
Experimental section) in one chromatographic run approximately 30 % of 
pure racemic l b and 30 % of pure meso-compound lc were obtained. 
Route {ii) also allows compound Id to be synthesized in fairly good yields 
using a mix ture of 2 -b romo-1 ,4 -d ime thoxybenzene and 1,4-
dimethoxybenzene. The monobrominated compound was purified on a 
Chromatotron with chloroform as eluent. 
^ ^ \ 
MA 
I \ 
/ / vv 
/ 
Figure 1. X-ray structure of compound 1b. 
8.2.2 Characterisation 
Compounds l b and l c only differ with regard to the position of the 
bromine atoms. This is reflected in their 'H-NMR spectra which are very 
similar and which give no clue for structural assignment. More information 
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was obtained from the 1 3 C-NMR spectra of the two compounds The first 
eluting compound displayed only one signal for the two carbonyl groups, and 
was therefore assigned to be l b The compound eluting secondly, showed 
two signals and was given structure l c This initial assignment was 
confirmed by X-ray analysis Single crystals of l b were obtained from n-
hexane/ethylacetate (60 40, v,v) containing a small amount of tnethylamine 
A drawing of l b is given in Figure 1 A remarkable feature of the solid state 
structure is that one of the two methoxy groups ortho to the bromine points 
inward whereas the other points outward 
8.2.3 Resolution 
Resolution of l b was achieved on a ( + )-poly( tnphenylmethy l-
m e t h a c r y l a t e ) ' column from DAICEL The enantiomers of 1 b could be 
separated with an α - v a l u e of 1 78 a As eluent a mixture of n-hexanc and 
isopropyl alcohol was used Compound l b is only sparingly soluble in this 
eluent Consequently only very small samples could be separated As the 
chiral phase of the column is coated on silica gel only a very limited range of 
solvents can be used Therefore, also columns with chiral groups covalently 
bound to the silica gel were tried It was possible to separate the 
enantiomers of l b on a Nucleosil Chiral-2 column (Macherey-Nagel-Duren) 
with an α-value of 2 50 (solvent dichloromethane, see Figure 2) This value 
corresponds to a free energy difference for the formation ot the 
diastereomenc absorbâtes of 2 2 KJ/mole (AAGf = -RTlna) 2 
After several separations on this analytical column enough material was 
obtained to measure the optical rotations of the enantiomers The first 
eluting enantiomer (A, Figure 2) had [ α ] ο 2 0 = - 1 9 9 (c=0 53, CH 2 C1 2 ) The 
second enantiomer(B) had [ a ] D 2 0 = + 22 4 (c= 0 51, CH2C12) 
а
 The value α represents the ratio of the corrected retention times for the two 
enantiomers 2 
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Column NUCLEOSILCHIRAL-2 
250x8x4 mm ID 
Mobile phase dichloromethane 
Flow rate 1ml/min 
time (mm ) 
Figure 2 Chromatogram of enantiomers of 1b 
8.2.4 Complexation of ch'irai guests 
Since the resolution l b was carried out on an analytical column, not enough 
enantiomencally pure material was available for complexation studies Some 
preliminary binding experiments were therefore performed with the 
racemic mixture of the host and enantiomencally pure guests 
Pirkle and Pochapsky^' 4 have demonstrated that chiral recognition 
phenomena occurring during separations on chiral stationary phases (CSP's) 
can be related to binding processes occurring in solution The Nucleosil 
Chiral-2 column contains two chiral substances, viz tartaric acid and 
dinitrobenzylphenylethylamine, which are chemically bonded to the silica 
gel via a propyl spacer It was therefore of interest to study the binding of 
similar compounds to l b in solution 
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Figure 3. a ) Observed upfield shifts (Hz) for the diastereomeric complexes 
(*= tentative assingment). b,c) Two different ways of complex formation of 1 b 
and dibenzoyl-D-tartaric acid. 
In a tust series of experiments tartaric acid and derivatives thereof were 
tested These compounds can adopt a twisted conformation which is 
complementary to thai of one of the enantiomers of l b , as is depicted in 
Figure 3b. In the crystal structures of tartaric acid and its derivatives the 
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carboxylic groups are generally found in the anti-position and the hydroxyl 
functions have a gauche position 5 In this conformation the carboxylic acid 
hydrogens are approximately 6 7 Λ apart and should be able to span the 
distance of 5.5 À between the two carbonyl groups of host l b Tartaric acid 
itself could not be solubilized by complex formation with l b in CDCI3 
Therefore, the more lipophilic analogue dibenzoyltartanc acid was studied 
Upon addition of this compound to a solution of l b in CDC13, complex 
lormation was found to take place and different induced shifts values were 
observed for the two enantiomers of l b However, shift-values are not 
conclusive with respect to the mode of binding Host-guest interaction may 
occur as depicted in (Figure 3b) A binding mode in which the guest has an 
interaction with only one side of the clip (see Figure 3c) is however probably 
preferred The complcxation constants for the two enantiomers of l b were 
found to be K=19 and 27 M ', respectively 6 
R(+)-Bi-naphtol 
4 and θ 
1 and 2 
6 and 17 ; + 
î ! '• О 
MeO Η н Jí 
Кк JL У— Ν Ν-
Ph-)—(-Ph J[ 
ВГ Ύ' y— N^N-
MeO Η Ή Π OMe 
О 
t 
7 and 15 t 
1 and 2 
OMe 
Figure 4 Induced upfield shifts(Hz) for the two diastereoisomeric complexes 
of (R)-(+)-bis-naphtol and racemid h 
Othei compounds having a twist complementary to that of the enantiomers 
of l b , are the binapthols Since aromatic diols arc known to form complexes 
with 1 l,l'-bi-2-naphthol seemed a promising gucsi Solution 7 as well as 
solid state8 studies have shown that for this type of compounds the naphthyl 
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rings are almost perpendicular with respect to each other In this geometry 
the distance between the oxygen substituents is approximately the same as 
that in resorcinol, a guest which was shown to bind in the cavity of 1 9 Upon 
addition of (Ä)-( + )-l ,l '-bi-2-naphtol to a solution of l b in CDCh two 
diastereomenc complexes were formed (see Figure 4) From a titration 
experiment the association constants were estimated to be Ka = 2 8 and 4 6 
M _ 1 respectively From the observed small differences in the K's and the 
small induced shift values we may conclude that 1 , Г-Ьі-2-napthol does not 
bind in the cleft of l b Probably a binding mode in which the guest has an 
interaction with only one side of the clip is preferred 
Scheme 2 
H
^° 
HO 
•OH 
H2N 
3 a =2,3 (OH) 2 
b =2,4-(OH ) 2 
с =2,5-(OH)2 
d =3,4-(OH)2 
Me 
In a third series of experiments we studied optically active amines as 
guests Upon addition of 10 equivalents of (S)-(-)-a-methylbenzylamine to 
l b no (diastereomenc) shift's were observed for the l b protons, indicating 
that this amine is not bound by l b We therefore decided to provide a-
methylbenzylamine with binding sites as depicted in Scheme 2 
Unfortunately, only the reaction of dihydroxybenzaldehydes 3a and 3b with 
α-methylbenzylamine gave stable products (65 and 77 % yield of 4a and 4b, 
respectively) Compounds 4c and 4d were lound to decompose during their 
purification over silica gel Addition of (R)-4b to l b afforded two 
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diaslereomeric complexes (see Figure 5). From a titration experiment the 
association constants were determined to be K
a
= 35 and 48 M _ 1 , respectively 
28 and 37 
8 # 
36 and 40 
+ 
* 
О 
(Я;€а 
• MeO н н 11 
H. A . У— Ν N 
Ph-)—(-Ph 
Br" ^ Г y— Ν N 
H Ή Y 
О 
OMe 
MeO 
* t 
14 and 15
 8
# 
Figure 5. Induced upfield shifts (Hz) for the two diastereoisomeric complexes 
of (R)- 4 band racemiclb. (#= downfield shift) 
We may conclude from the initial complexation studies discussed in this 
chapter that l b is a promising chiral shift reagent Well resolved signals are 
tound in the 'H-NMR spectra for the diastereomeric complexes Sofar, the 
dillercnces in the association constants appear to be relatively small Larger 
differences can presumably be achieved if the guest fits better in the cleft of 
l b , e g a binding situation as in Figure 3b In order to achieve binding based 
on a complementary t w i s t 1 0 · 1 1 of host and guest a further tuning of the 
shape of 1 is required 
8.3 Experimental section 
General For general methods see Chapter 3, Section 3 3 
по 
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Compounds l b and lc. Route 1: To a solution of 2 g (3 23 mmol) of 3 in 
50 ml of CHCI3 containing a small amount of Fe and I2 was added 10 mmol of 
ВГ2 dissolved in 50 ml CHCI3 over a period of 1 h The reaction mixture was 
stirred for 16 hrs Thereafter, 100 ml of a 10% Na2S2Û5 solution was added 
The organic layer was separated and washed three times with 50 ml of 
water and then dried over MgSC>4 After evaporation of the solvent 2 5 gram 
of crude product was obtained containing primarily (> 92%) the racemate 1 b 
and meso compound l c Route 2: To a solution of 11 g (22 6 mmol) of 3 in 
1 5 1 of dry CH2CI2 was added 10 g (46 3 mmol) of 1-bromo-14 
dimethoxybenzene and 27 ml of SnCU (231 mmol) After refluxing for 20 
hrs 800 ml of a 6 N HCl solution was added The mixture was refluxed for 
another 10 min Subsequently the organic layer was separated and 
concentrated The product was purified by the following procedure 1 g of 
the crude product was impregnated on 5 gram of silica gel This silica gel was 
loaded on a silica gel column of 35 cm length and a diameter of 5 cm 
Pressure (0 05 Bar) was adjusted such that the elution time of l b w a s 
approximately 14 hrs This yielded 29% of pure lb and 30% of pure l c , both 
as white powders, in one chromatographic run For analysis a sample of 1 b 
was crystallized from n-hexane/EtOAc (60 40, v/v) mp 298-300 °C, Rf=0 44 
(0 5% Et3N in n-hexane/EtOAc (60 40, v/v), 'H-NMR (400 MHz) δ 7 01 (m, 
ЮН, ArH), 6 95 (s, 2Н, АгН), 5 56 and 5 48 (2xd, 4Н, ІЧСЯНАг, J=16 0 Hz), 
3 95 (s, 6H, ОСНз), 3 80 (s, 6Н, ОСН 3 ), 3 88 and 3 70 (2xd, 4HNCH//Ar, 
J=16Hz) 13C-NMR (100 MHz) δ 157 37 (C=0), 153 56 (BrCC(OMe), 148 62 
( C ( O M e ) , 133 52, 129 07, 128 71, 128 63, 128,15, 128 06, 127 89, 126 99 
(ArC ), 116 4 (MeOCCCBr), 85 10 (CPh), 61 78 and 56 94 (2x OCH3), 38 38 and 
36 69 (2x CN), IR (KBr) 3060, 3040, 3000 (ArH), 2940, 2910, 2840 (CH 2 and 
CH3), 1710 (C=0), 1585, 1570 (C=C arom ), 1455 (CH 2, CH 3 ), 1150, 1080, 1050 
(COC) cm- 1 ; FAB-MS (m-nitro benzyl alcohol) m/e 777 (M+H)+, Found C, 
54 87, H, 4 22, N, 6 87 С з б Н з 2 В г 2 ^ О б 0 5 H 2 0 requires C, 55 05, H, 4 23, N, 
7 13 Compound l c mp 267-269 °C, R f = 0 41 (0 5% Et^N in η 
hexane/EtOAc(60 40, v/v), Ή NMR δ 7 10 (m, ЮН, ArH), 6 95 (s, 2H, ArH), 
5 58 and 5 51 (2xd, 4H, N Œ H A r , J=16 0 Hz), 3 95 (s, 6H, OCH3), 3 80 (s, 6H, 
OCH3), 3 87 and 3 69 (2xd, 4H, NCHtfAr, J=16Hz) 13C-NMR (100 MHz) δ 
15751 and 157 27 (C=0), 153 44 (BrCC(OMe), 148 65 ( C ( O M e ) , 133 51 
128 64, 128 20, 128 09, 128, 127 13, 127 00 (ArC ), 116 2 (MeOCCCBr), 85 10 
(CPh), 61 79 and 56 77 (2x OCH3), 38 44 and 36 66 (2x CN), IR (KBr) 3060-
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3000 (ArH), 2940, 2880, 2840 (CH 2 and СНз), 1740 and 1710 (C=0), 1585, 
1570 (C=C arom ), 1450 (CH2, CH3), 1140 (COC) cm ' ; FAB-MS(m-nitro benzyl 
alcohol) m/e 777 (M + H ) + , Found C, 55 24, H, 4 54, N, 6 51 
Ci 6 H32Br 2 N 4 06 EtOAc requires C, 55 57, H, 4 66, N 6 48 
Compound Id. This compound was synthesized from 2 and a mixture of 2-
bromo-1,4-dimethoxybenzene and 1,4-dimethoxybenzene as described 
above for l b and l c On TLC (2% MeOH/CHCl3) Id has a slightly higher Rf-
value than l b and l c With the help of a Chromatotron 1 2 (eluent CHCI3) I d 
was isolated from the obtained mixture as a white powder mp 310-312 °C, 
'H-NMR (90 MHz) δ 7 08 (s, ЮН, ArH), 6 93 (s, IH, ArH), 6 73 (s, 2H, ArH), 
5 60, 5 59, 5 57 and 5 50 (4xd, 4H, NCtfHAr, J=15 9 Hz), 4 01-3 63 (m, 16H, 
OCH3 and NCHtfAr), IR (KBr) 3080-3000 (ArH), 2940, 2840 (CH 2 and CH3), 
1720 (C=0), 1595, 1585, 1575 (C=C arom), 1465 (CH2, CH3), 1150 (COC) cm > 
Compound le . A very small amount was isolated from the reaction mixture 
as obtained from route 1, see above Ή NMR (90 MHz) δ 7 10 (s, ЮН, ArH), 
6 88 (s, IH, ArH), 5 58 and 5 52 (2xd, IH and 3H, NCHHAr, J=16 0 Hz), 4 10-
3 50 (m, 16H, OCH3 and NCHtfAr), m/e 854 (M+H)+ 
Compounds l a 1 ^ and 2 1 4 were synthesized according to the methods 
published previously 
Compound 4a To a solution of 1 2 g (8 7 mmol) of 2,3-
dihydroxybenzaldehyde in 1,2-dichloroethane was added 2 2 g (18 2 mmol) 
of S(-)-phenylelhylamine The solution was refluxed until in the ' H - N M R 
spectrum the aldehyde peak had disappeared (4 hrs) After evaporation of 
the solvent the product was purified by crystallization from dnsopropyl 
ether Yield 1 4 g (65 %) of 5 as a yellow powder Mp 86-88 °C, >H NMR(400 
MHz, CDCI3) δ 8 23 (s, IH, CH=N), 7 33 (m, 5H, ArH), 6 95-6 62 (m, 3H, ArH), 
4 62 (q, IH, NCtf(Ar)CH 3, J= 6 6 Hz), 1 67 (d, 3H, CH 3 , J= 6 6 Hz) 1 3 C-NMR(100 
MHz, CDCI3) δ 163 23, 154 13, 146 05, 142 58, 128 84, 127 64, 126 32, 
122 06, 117 24 116 53, 116 34, 65 78, 24 22 ΕΙ-MS m/e 241 (M)+ Found С, 
74 76, Η, 6 27, Ν, 5 83 Ci <;Η ι ^ N 0 2 requires С, 74 67, Η, 6 27, Ν, 5 80 
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Compound 4b. This compound was synthes ized from S(-)-
phenylelhylamine and 2,4-dihydroxybenzaldehyde as described for 5 It 
was purified by crystallization from Et20 Yield 73% of 6 as a yellow powder 
'H-NMR(100 Mhz, CDCI3). δ 8 00 (s, IH, CH=N), 7 34 (m, 5H, ArH), 7 04-6 20 
(m, ЗН, ArH); 4 62 (q, IH, NCtf(Ar)CH3, J= 6 7 Hz), 1 65 (d. 3H, CH3, J= 6 7 Hz) 
X-ray structure determination of lb. 
Crystal data trichnic, spacegroup P-l (no 2), Z=2, a=12 145(4), b= 13 332(3), 
c=14 808(2) À, a=95 54(2), β=1 14 53(2), γ = 1 1 1 0 5 ( 2 ) ° , V=1948 9(6) A3 
T=293 X-ray data were measured on a Nonius-CAD4 diffractometer with 
ΜοΚα-radiat ion Standard experimental and computational details are given 
e l sewhere 1 ^ Unit cell dimensions were determined from 25 reflections with 
9°<θ<13° Intensity data were collected for 7231 reflections (3616 unique 
reflections) During the measurments no decomposition took place 
The structure consists of two molecules related by a center of symmetry, and 
an unresolved collection of solvent molecules The positions of the bromine 
atoms were determined by Patterson interpretation (PATTY) 1 6 , expanding 
the partial structure by direct methods ( D I R D I F ) 1 7 gave the complete 
structure, but no interpretable positions of the solvent molecules The 
structure refinement was hampered by the disorder in the solvent 
molecules, structure-refinement by program SHELXL-93 1 8 using restraint 
geometries To compensate for the unknown nature of the solvent molecules 
and their probably disordered positions, we used the BYPASS 1 9 procedure 
The conventional R-value (based on IFoD after refinement of 303 parameters, 
using the BYPASS procedure, is 0 056 for 2371 reflections with 1>2σ(Ι) and 
252 restraints The maximal residual electron density (excluding in the 
solvent area) is 0 53 eÀ - 3 The final results of the restraint refinement 
procedures will be published elsewhere 
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Chapter 9 
Binding Properties of a Basket-shaped Host 
and its Dibromo Analogue. 
9.1 Introduction 
Previously Smeets et al 1 reported that basket-shaped host l a forms a 1 1 
complex with alkali metal ions ( eg K + ) in solution This result is surprising 
since space-filling (CPK) models indicate that each of the crown ether rings of 
l a can easily complex one metal ion It was proposed that host 1 a 
encapsulates alkali metal ions with both crown ether arms in a clamshell 
fashion, as is depicted in Figure 1 In this complex the ion is spherically 
surrounded by six ether oxygens 
As part of our research program dealing with chiral receptor molecules we 
designed host l b . Hosts l a and l b are structurally related, differing only 
with respect to the substituents on the aromatic walls lining the cavity of the 
receptor Inspection of CPK-models reveals that for l b a clamshell 
conformation cannot be attained because of the stenc hindrance caused by 
the bromine atoms when the two crown ether arms approach each other 
Compound l b therefore seemed an interesting derivative for investigating 
whether a 1 2 host-guest complex with alkali metal ions can be formed 
9.2 Results and discussion. 
Compound l b was assembled as shown in Scheme 1 The methoxy groups 
of 2a were quantitatively removed with tnmethylsilyl iodide The resulting 
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CHART 1 
1 
a Хі,Х2,Хз,Х4= H 
ЬХ-|,Хз= aX\ X2jX4 = H 
Figure 1. Clamshell complex 
between host 1 and a 
potassium ¡on. 
Scheme 1 
Me3Sil, CH2CI2 
2 a • 2 b 
СІ(СН2СН20)зСН2СН2СІ 
2 b 1b 
a X 1 ,X 3 =Br. X 2 X 4 = H; R=Me 
b Х^,Хз =Br. X2,X4= H; R=H 
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compound 2 b was treated with two equivalents of tetraethyleneglycol 
dichlonde to yield bis-crownether host l b . 
To determine its complexation behaviour, compound l b was dissolved in 
CDCl3/DMSO-d6(3 : l , v/v) and different amounts of potassium picrate were 
added. The stoichiometry of the complex could be determined by monitoring 
the shift of the 1H-NMR signals of protons H c (see Figure 2) as a function of 
the ratio guest to host. Also for one of the 1 H-NMR signals of the set H a , H D , 
which appears at approximately 5.6 p.p.m., a shift was found depending on 
the amount of alkali metal ion present in solution. For the other signal no 
shift was observed. Complexation of the guest is rapid on the 1 H-NMR time 
scale, because only averaged 'H-NMR signals for the guest and host were 
found. As can be seen in Figure 2 a shift is observed for the above 
mentioned protons until two equivalents of salt are added. This shows that 
l b indeed forms a 1:2 host-guest complex as predicted by the CPK-models. 
2 3 
Ratio guest/host 
Figure 2. Shift of protons in the 1 H-NMR spectrum of host 2 as a function of equivalents 
of potassium picrate added to a solution of 2 in CDCIa/DMSO-de (3:1, v/v). · = shift of 
proton Hc, о = shift of proton (Ha)i or ((Hb)i). 
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We also determined the binding constanti for some alkali metal ions using 
the picrate extraction technique as described by Cram et al 2 (see Table I) 
For comparison, in this table also binding data for la are given 1 The 
binding constants of l b , especially for the potassium ion, are much lower 
than those of l a , which is as expected, because this brominated compound 
Table I. Association constants and free energies of complexation of picrate 
salt guests to hosts 1 and 2 at 25 °C in CHCI3 saturated with H2O 
Host 
Metal ion 
Li+ 
Na+ 
K+ 
a See ref 1 
K a / M " 1 
7 7 χ IO4 
3 8 χ 10 6 
4 2 χ 108 
l a 
-AC/iKcalmoH) 3 
6 7 
9 0 
11 5 
Ka/M" 1 
3 6 x 105 
4 1 χ IO5 
3 7 χ IO5 
l b 
-AG7(Kcalmol ]) 
7 6 
7 7 
7 6 
cannot form a favourable clamshell complex It is remarkable that l b hardly 
displays any selectivity among the alkali metal ions, which may be due to 
the fact that the bromine atoms induce a twist in the crown ether rings An 
indication for the presence of such a twist is the observation thai only one of 
the protons H a and H D endures a shift in the ІН-NMR spectrum on complex 
formation (vide supra) A twist may cause that the crown ether rings can no 
longer discriminate between different metal ions 
9.3 Experimental section 
For general methods see Chapter 3, Section 3 3 DMSO was dried over 4 Â 
molecular sieves prior to use The chloroform used to prepare 2b was 
purified according to a literature procedure 3 
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C o m p o u n d 2b To a solution of 2 5 g (3 22 mmol) of 2a in 25 ml of dry 
chloroform was added under argon 7 5 ml (60 mmol) of tnmethylsilyl iodide 
The reaction mixture was refluxed for 5 days4 After cooling, 5 ml of MeOH 
was added dropwise and the precipitate was filtered off carefully5 and 
washed with cold methanol (10 ml) and cold ether (10 ml) The resulting 
brown solid was redissolved in 7 5 ml of CHCI3 and precipitated again with 
7 5 ml of MeOH After isolation and washing with cold methanol and ether 
the light yellow solid was purified over a silica gel column using 10 % 
МеОН/СНСІз (v/v) as an eluent Yield 91 % of racemic 2b as a white powder 
For analysis a sample was crystallized from CHCl3/EtOH/n-hexane (4 1 2, 
v/v) Mp 315 °C (dec), Ή NMR (90 MHz, DMSOdó) d 931 (s, 2H, АгОЯ), 
8 44(s 2Н, АгОЯ), 7 35-6 89 (m, ЮН, АгН), 6 82 (s, 2Н, ArH), 5 35 and 5 33 
(2xd, 4Н, NCtfHAr, J=16 1 Hz), 3 70 and 3 60 (2xd, 4H, ЫСНЯАг, J=16 1 Hz) IR 
(KBr) 3350 (br, OH), 1685 (C=0), 1585 (C=C arom ), 1470 (CH2) cm-1; FAB-
MS(m-mtrobenzyl alcohol) m/e 721 (M+H)+, found C, 46 86, H, 3 20, N, 6 57 
C32H24Br2N406 CHCI3 requires С 47 20, H 3 00, N 6 67 
Compound l b This compound was synthesized by a slightly modified 
literature procedure ' Through a solution of 10 g (1 77 mmol) of 2b and 
0 86 g (3 75 mmol) of tetraethylene glycol dichlonde in 100 ml of DMSO was 
led argon for 15 min The reaction mixture was heated to 60 °C and 3 5 g of 
K 2 C O 3 was added The reaction mixture was stirred under argon for two 
days The solution was filtered and added dropwise to 100 ml of vigorously 
stirred water A light brown precipitate was formed, which was isolated by 
filtration over Ну По The Hyflo was extracted with 100 ml of chloroform The 
solution was washed with water (2x) and concentrated to give a light-brown 
powder The crude compound was purified over silicagel (previously treated 
with a 5 % KBr solution, see Section 3 3, eluent 10% МеОН/СНСІЗ (v/v) After 
chromatography the product was dissolved in CHCI3 The solution was 
washed with a 1 M solution of K 2 C O 3 (2x) and with deminerahzed water 
(5x) After evaporation of the solvent, the product was dissolved in a 
minimum amount of CHCI3 and added dropwise to stirred n-hexane The 
precipitate was filtered off5 and washed with n-hexane The product was 
subsequently dried in vacuo for several hrs Yield 37 % of racemic 2b as a 
white powder mp 298-300 °C ІН NMR (400 Mhz, CDCI3) d 7 10 (m, 10 H, 
ArH), 6 93 (s, 2H, ArH), 5 64 and 5 56 (2xd, 4H, NCtfHAr, J=16 0 Hz), 4 43 (m, 
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2H, ArOCHH) 4.26 (m, 2H, АгОСНЯ), 4.19(m, 4Н, АЮСН2), 4.08-3.66 (m, ЗОН, 
NCHtfAr, ОСН2СН2ОСН2 and H2O). IR 3450 (H2O), 2880 (CH2), 1710 (C=0), 
1585, 1565 (C=C arom.), 1455 (CH2), 1140, 1080, 1050 (COC) cm" 1 ; FAB-MS 
(m-mtrobenzyl alcohol) m/e 1035 (M+H)+. found: C, 55.03, H, 5 06 ; N, 5.38. 
C48H52Br2N40i2 · 0.5 H2O requires: С 55.13, H 5 11, N 5.36. 
references 
1 Smeets, J.W.H.; Sijbesma, R.P.; Van Dalen, L.; Spek, A.L ; Smeets, W J.J; Nolte, 
R.J.M.; J.Org.Chem 1989,54, 3710 . 
2 Nolte, R.J M.; Cram, D.J., J.Am.Chem Sot 1984, 106, 1416 
3 Perrin, D.D.; Armarego, W.L.F.; Purification of Laboratory Chemicals 3rd 
Edition, Pergamon Press, Oxford, 1988. 
4 In dichloromethane the reaction was found to be completed after 10 days. 
5 Filtration over G-4 filters without applying vacuum. 
Chapter 10 
Bidentate Lewis Acids. Attempted Synthesis 
of Hosts Incorporating Two Well-defined 
Lewis Acid Sites. 
10.1 Introduction 
In previous studies it was shown that host molecules of type l a form 
complexes with alkali metal ions, ammonium sal ts , 1 and (di)-
hydroxysubstituted aromatic compounds.2 In order to extend the scope of 
guests that can be bound, it was of interest to incorporate Lewis acid binding 
sites in 1. Here we report our initial attempts to achieve this goal. 
1a X=N, s= CH2CH2OCH2CH2 
1b X=Metal, s=spacer 
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10.2 Results and discussion 
10.2.1 Strategy 
Our strategy is to incorporate electron deficient metals (M) in the ring 
system of a diphenylglycoluril host of type l b These metal centers will try 
to fill up their electron deficiency through interactions with electron 
donating groups We reasoned that incorporation in the ring system would 
bring the metal centers in the vicinity of the carbonyl groups of 1 b and 
would therefore lead to a stable system because of intra-molecular 
complexation 
Scheme 1 
Ö 
Ν N 
"•-Η-
Υ 
о 
•Ph 
2RML2 
1b 
Э S— ОН2ОП2 
b s= CH2CH2CH2 
с s= CH2CH2OCH2CH2 
The approach followed here is to synthesize compounds l b via the reaction 
of tetra-alcohols 2 with the appropriate Lewis acids (Scheme 1) We 
expected that complexation of RML2 to the carbonyl functions of the 
diphenylglycoluril moiety of 2 would favour the ring closure reaction Since 
strong Lewis acids based on aluminium, boron, and titanium are known to 
form complexes with compounds having carbonyl groups, we started with 
these Lewis acids 
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A prion the ideal distance between M and the carbonyl function of our 
host, with regard to /nira-molecular complex formation, is hard to predict 
Therefore, several precursors with different spacers were synthesized 
Compounds 2a and 2b were chosen because CPK-models revealed that for 
these compounds intramolecular ring formation between OHa and OHb is not 
possible To study the effect of longer spacers compound 2c was synthesized 
For this precursor a ring closure between O H
a
 and OHb can not be ruled out 
We realized that the aliphatic ether oxygens in the spacers of 2c are 
potential electron donor groups for the Lewis acids (M), which might 
complicate the reaction 
10.2.2 Synthesis of precursors for lb. 
Compounds 2a a n d 2c were synthesized by alkylating 3a with four 
equivalents of 2-chloroethanol and 2-(2-chloroethoxy)ethanol, respectively, 
in DMSO at room temperature with K2CO3 as the base Compound 2b was 
О 
JÍ 
. ъ' Ν Ν »ч
Л А 
AcO
 n u \ / π ι_ ОАс 
А с ( Х ' \ ^ОАс 
Ν. Ν " 
Τ 
Ο 
3 a: R=H 
b: =Me 
АсОСН2СН2СН2—<ч Ò— ОСН2СН2СН2ОАс 
prepared by treating 4 with two equivalents of 5 in the presence of T1CI4 in 
refluxing CH2CI2 During the coupling reaction some deacetylation of the 
hydroxyl functions of 5 occurred To avoid problems with purification, the 
obtained mixture was subsequently refluxed with an excess of acetyl 
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chloride, and then purified over silica gel The acetyl function was 
subsequently removed by a standard procedure 
In the 1H-NMR spectrum the resonances of the hydroxyl functions ot 2 a 
and 2b appear at relatively downfield positions, viz at 4 68 and 4 72 ppm , 
respectively, whereas the OH resonance of 2c appears at 3 8 ppm Inspection 
of CPK models suggests that the hydroxyl functions of the side chains of 2 a 
and 2b can form fn/ ra-molecular hydrogen bonds with the carbonyl 
functions of the host Apparently for 2c such hydrogen bonds are less easily 
formed 
The precursors had to be dried carefully before use in the reaction with 
compounds RML2 Compound 2b was initially dried by refluxing it overnight 
in toluene in a Soxhlet apparatus filled with 4 Â molecular sieves ¡ H - N M R 
revealed that exactly one water molecule remained per host molecule 
Drying 2b in CH2CI2 in the presence of 4 Λ molecular sieves also yielded a 
product containing one molecule of water per host This water molecule 
could however be expelled by drying the compound at 100 °C and 1 mm Hg 
for several hours Also 2a and 2c could be dried this way Unfortunately, 
after drying the precursors (especially 2 a ) were found to be substantially 
less soluble in organic solvents 
10.2.3 Reaction of 2 with Lewis acids 
We reasoned that for the cyclizations depicted in Scheme 1 diluted 
solutions (0 01-0 001 M) are required because once RML2 has reacted with 
one of the alcohol functions, a less reactive species results compared to the 
R M L 2 still present in solution It is also important that the employed Lewis 
acid RML2 is monomeric in solution For dialkylaluminum chloride 
compounds in THF this condition is met ^ As precursors 2 were only 
moderately soluble in THF we used a 10 1 mixture of CH2CI2 and THF as the 
solvent for the cyclizations Dialkylaluminumchlonde was added to 2b under 
diluted conditions at -78 °C At higher temperatures ether cleavage of the 
spacers was observed The obtained product was an insoluble powder, which 
prevented its characterization Several possibilities exist (/) the desired 
compound is formed, but it is insoluble due to aggregation, (n) the intra­
molecular complex between the carbonyl function of the diphenylglycolunl 
chapter 10 125 
moiety and the aluminium metal fails to stabilize the product and 
ol igomenzation and/or disproportionation takes place, (in) substitution of the 
second alkyl group of R2ML is too slow4 The result of (111) is that intra 
molecular ring closure cannot compete with oligomenzation. 
We decided to repeat the condensation with tnmethylaluminum, because 
dialkylaluminumalkoxides react more rapidly with alcohols than compounds 
of type RAl(OR')Cl Furthermore, substitution of the chlorine by a methyl 
group might give a better soluble product In the presence of THF, АІМез has 
been shown to exist as a monomeric species in solution 5 We therefore 
choose again C H 2 C I 2 / T H F (10 1 v/v) as the solvent mixture The 
condensation of АІМез with precursor 2c under diluted conditions at -78 °C 
again gave an insoluble product We reasoned that if lack of intra-molecular 
complexation (see possibility (u) above) was the reason for this nagative 
result, use of the smaller Lewis acid boron might be a solution to the 
problem A favourable feature is that unsymmetncally substituted boron 
compounds have a lower tendency to undergo redistribution reactions It is 
known from the literature that BH3 forms a monomeric complex with THF in 
solution 6 Furthermore, during the reaction of BH3 with simple alcohols the 
first two hydrides react rapidly The reaction of the third hydride is very 
slow at room temperature 7 
Upon addition of 2 equivalents of BH3 to 2a in CH2CI2/THF (10· 1, v/v) 
under diluted conditions again an insoluble product was formed The 
reaction of 2c with B H 3 , however, gave a compound that was more soluble 
The ' H-NMR spectrum of this product showed a complex pattern of broad 
signals for the protons of the basket This indicates that the reaction of 2 с 
with BH3 yields a mixture of compounds, presumably oligomers Probably, 
initially formed, monomeric species are not sufficiently stabilized by 
intramolecular complexation To investigate whether a larger R group in 
RML? could yield products where the boron atom is more stencally hindered, 
and thus could prevent oligomenzation, we turned to phenylbonc acid For 
small ring systems condensation of diols with phenylbonc acid is known to 
give monomeric compounds Compounds 2a, 2 b , and 2c were condensed 
with phenylbonc acid in dilute solutions The 1 H-NMR spectra of the 
products revealed that mixtures of compounds (probably oligomers) were 
formed Gerwarth 8 has investigated the condensation of simple diols with 
phenylbonc acid He found that monomeric rings with more than 7 members 
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can only be obtained when a strong donor atom is present in the ring, e g a 
nitrogen atom Ether oxygen and sulfur atoms do not have enough electron 
donating capability to prevent ohgomenzation This means that the carbonyl 
groups in our d iphenylgycolur i l unit probably cannot prevent 
ohgomensation of the baskets 
Despite the discouraging results with the aluminium and boron derivatives 
we decided to explore the potential of titanium derivatives for our 
cychzation reactions Addition of two equivalents of T1CI4 to a solution of 2 b 
in CH2CI2 afforded an insoluble brown product We subsequently turned to 
ТіСр2СІ2 with the hope that changing a chlorine for a cyclopentadienyl group 
might afford more soluble products It is known that reaction of ТіСр2СІ2 
with 2 equivalents of alcohol leads to substitution of one chlorine and one 
cyclopentadienyl group 9 ТіСр2СІ2 was added to 2a under dilute conditions 
The obtained product again was insoluble in organic solvents The ' H - N M R 
spectrum of T1CP2CI2 and 3b in CDCI3 showed no shifts ot proton signals, 
indicating that ТіСрСІ2 does not complex with the carbonyl function of 3b 
This suggests that the obtained product in the cychzation reaction of 2a is 
probably an oligomer 
10.3 Conclusions 
Our strategy as outlined in Scheme 1, has not led to the desired host 
molecules with two Lewis acid sites During our attempts to synthesize these 
compounds several problems were met The precursor compounds turned 
out to be poorly soluble in dry organic solvents The introduction of two 
Lewis acid sites leads to a more polar compound which will be even less 
soluble A solution for this problem could be the modification of the 
precursors with large apolar groups The observed higher solubility of 
products obtained from 2c, points in this direction However, the 1 H - N M R 
spectra of some of the cychzation products indicate that in general mixtures 
of compounds, probably oligomers are formed This suggests that the 
carbonyl functions of our host are not able to stabilize monomenc species, or 
that they are not available for infra-molecular complex formation It may be 
required to use stronger electron donating groups like tertiary amines or 
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ïmino functions An alternative solution could be to surround the Lewis acid 
site with bulky groups ' ° 
10.4 Experimental section 
General methods. For general remarks see Chapter 3, Section 3 3 
Distillation and storage of solvents was performed under an argon 
atmosphere All solvents were stored over 4 Â molecular sieves CH2CI2 was 
dis t i l led from CaH2 Toluene and THF were dist i l led from 
sodium/benzophenone ketyl EtßN was freshly distilled from P2O5 prior to 
use BH3 (1 M solution in THF), diethylaluminum chloride (1 M solution in 
hexane), tnmethylaluminum (2 M solution in toluene), T1CI4, and ТіСр2СІ2, 
were purchased from Aldnch Other chemicals were Reagent Grade and used 
without further purification, unless stated otherwise Argon was dried over a 
bed of P2O5 prior to use All glasswork was dried overnight in an oven at 
150 °C before use and all apparatus was assembled under an atmosphere of 
argon Manipulations of the precursors and the reaction products were 
performed under an argon atmosphere using a vacuum line Samples for ' H -
NMR were sampled under an atmosphere of argon and prepared 
immediately before measurement Compounds 2a, 2b, and 2c were dried in 
a Schlenk vessel at 100 °C and 0 05 mm Hg for several hrs prior to their use 
in the reactions with the Lewis acids The solvents and Lewis acids were 
introduced to the Schlenk vessels with syringes In the case of volatile 
solvents like CH2CI2 and THF the reaction mixtures were cooled prior to 
concentration 
Compound 2a To a solution of 2 g (3 56 mmol) of За in 40 ml of DMSO was 
added 16 gram of K 2 C O 3 Argon was bubbled through the heterogeneous 
mixture for 15 mm Subsequently 5 equiv of 2-chlorohydnn were added 
The reaction mixture was stirred under an argon atmosphere at 80 С for 17 
hrs After evaporation of the solvent, 50 ml of water was added The product 
was filtered off and washed with water (3x) The crude product was purified 
by column chromatography (silica gel, eluent СНСІз/МеОН, 90 10 v/v) Yield 
90 % of 3a as a white powder ІН-NMR (CDCI3, 400 MHz) δ 7 13 (m, ЮН, 
Ph), 6 72 (s, 4H, ArH), 5 58 (d, 4Н, NCtfHAr, J=16 0 Hz), 4 68 (s, b, 4H, OH), 
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4.14, 4.04 and 3.81 (3xm, 16H, АгОСЯ 2СЯ 2 OH), 3.71 (d, 4H, NCHWAr, J=16.0 
Hz). 
Compound 2b To a solution of 1.02 g (2.1 mmol) of 4 and 3.3 g (10.6 mmol) 
of 5 in 20 ml of CH2CI2 was added under an argon atmosphere 10 ml of a 1 
molar solution of T1CI4 in CH2CI2. A brown color developed immediately. 
After refluxing for 8 hrs the reaction mixture was washed wilh water (2x) 
and brine (lx). The organic layer was dried over Na2S04. Subsequently, 3 9 g 
(49.7 mmol) of acetyl chloride was added and the solution was refluxed for 
two hrs. The solution was concentrated under reduced pressure and the 
crude product was purified by column chromatography (silica gel, eluent: 
СНСІз/МеОН, 99:1 v/v). Yield 80 % of acetylated 2b as a white powder: ! Н -
NMR (90 MHz, CDCI3): 5 7.03 (m, 10H, ArH), 6.56 (s, 4H, ArH), 5.48 (d, 4H, 
NCtfHAr, J=16.0Hz), 4.28-3.51 (m, 20H, OCH2,C//20Ac, NCHtfAr), 2 09 (m. 20H, 
CH2, CH3). This product was dissolved in 100 ml of THF and 15 ml of a 1 M 
NaOH solution was added. The reaction mixture was refluxed for two days. 
After cooling the THF was evaporated and the water layer was extracted 
twice with CH2CI2· The organic layer was washed with water (3x), dried 
( N a S 0 4 ) , and concentrated to 10 ml. Addition of 20 ml of ether gave a white 
product which was filtered off, washed with ether, and dried in vacuo. Yield 
92% of 2b as a white powder: ІН-NMR (CDCI3, 400 MHz): δ 7.13 (m, ЮН. Ph), 
6.75 (s, 4H, ArH), 5.68 (d, 4H, NCtfHAr, J=16.0Hz), 4.72 (s, 4H, OH), 4.07 and 
3.82 (2xm, 16H, АЮСЯ2СН2СЯ2ОН), 3.70 (d, 4H, ГМСНЯАг, J=16 0 Hz), 2.01 (m, 
8H, АГОСН2СЯ2) ; FAB-MS (m-nitrobenzyl alcohol) m/z 795 (M+ H)+. Found· 
С, 65.60; H, 6.26; Ν, 6.92. C44H50N4O10O.5 H2O requires: С, 65.74; Η, 6.39; Ν, 
6.97. 
Compound 2c A mixture of 1 g (1.78 mmol) of За, 1.30 g (10.4 mmol) of 2-
(2-chloroethoxy)ethanol and 6 gram of K2CO3 in 30 ml of DMSO was stirred 
under an atmosphere of argon at 80 С for 17 hrs. After the solvent had been 
evaporated, the obtained light brown powder was stirred with 50 ml of 
water. The product was filtered off and washed with water (3x). The crude 
product was purified by column chromatography (silica gel, eluent: 
СНСІз/МеОН, 90:10 v/v) to yield 76% of 2c as a white powder: ! н NMR 
(CDCl3,400 MHz ): δ 7.02 (m, ЮН, ArH), 6.58 (s, 4H, ArH), 5.56 (d, 4Н, 
NCHHAT, J=16.4Hz), 4.04 (m, 4Н, АгОСЯН2), 3.76 (m, 36Н. АЮСНЯСЯ2, 
ОСН2СН2ОН and NCHŒAr) ; FAB-MS (m-nitrobenzyl alcohol) m/z 915 (M+H)+ 
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Found С, 61 29, H, 6 45, Ν, 5 97 C48H58N4O14 1,5Η2θ requires С, 61 20, Η, 
6 53, Ν, 5 95 
Compounds За and 3b were synthesized according to a literature 
procedure ' ' 
Compound 4 was synthesized according to a procedure developed in our 
laboratory ' 2 
Compound 5 To 3 2 g (14 3 mmol) of l,4-(3-hydroxypropoxy)benzene'3 in 
40 ml of CH2CI2 was added 112 g (143 mmol) of acetyl chloride This 
solution was refluxed overnight and subsequently concentrated The product 
was crystallized from chloroform/n-hexane Yield 95% of 4 1 H - N M R ( 9 0 M H Z , 
CDCI3) δ 6 77 (s, 4H, ArH), 4 20 (t, 4Н, ОСН2, J= 8 4 Hz), 3 90 (t, 4H, СЯ2ОАС, 
J= 8 7 Hz), 2 03 (m, ЮН, CH2 and CH3) 
Reactions of compounds 2 with Lewis acids 
Compound 2b with Et2AICI A solution of 55 mg (0 075 mmol) of 2b in 
45 ml of CH2CI2 was cooled to -78°C Subsequently, 0 15 ml of a 1 M solution 
of Et2AlCl in hexane was mixed with 2 ml of THF and was added to the 
former solution After stirring overnight, the reaction mixture was allowed to 
warm up to room temperature over a period of several hrs The solvent was 
evaporated and the product was washed with toluene The resulting white 
powder was found to be insoluble in organic solvents Repeating the reaction 
with 2c and АІМез (reaction conditions 2c, 0 11 mmol in 20 ml of CH2CI2, 
А І М е з , 0 22 mmol in toluene/THF, solvent THF, 2 ml), using the same 
procedure, also yielded an insoluble product 
Compound 2a with BH3 To a solution of 100 mg (0 136 mmol) of 2a in 40 
ml of CH2CI2 was added 0 272 mmol of BH3 in approximately 4 ml THF The 
reaction mixture was stirred overnight The precipitate that had been 
formed, was washed with diethyl ether The resulting white powder was 
insoluble in organic solvents A similar reaction of 2c with BH3 ( r e a c t i o n 
conditions 2c, 0 042 mmol, BH3, 0 085 mmol in 2 ml THF, solvent CH2CI2, 5 
ml) using the same procedure, gave a viscous product for which the ^ H - N M R 
spectrum showed a complex pattern of broad peaks for all the host protons 
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Compounds 2a and 2b with PhB(OH)2 1 4 A solution of 151 mg (0 205 
mmol) of 2a and 50 mg (0 410 mmol) of phenylbonc acid1 5 in 20 ml of 
toluene was refluxed in a Soxhlet apparatus, filled with 4Â molecular sieves, 
for two days After evaporation of the solvent a viscous product was 
obtained which was washed with THF The ^H-NMR spectrum of this product 
in CDCI3 showed multiple broad peaks for the host protons, suggesting that 
oligomenc or polymeric compounds had been formed For the reaction of 2 b 
with PhB(OH)2 a similar result was obtained 
Compound 2c with PhB(OH)2. Method 1 1 4 A solution of 172 mg (0 188 
mmol) of 2c and 45 9 mg (0 38 mmol) of phenylbonc acid in 45 ml of 
dioxane was refluxed in a Soxhlet apparatus filled with 4À molecular sieves 
for 24 hrs After evaporation of the solvent a viscous product was obtained 
which was soluble in CDCI3 The ^H-NMR spectrum showed multiple broad 
peaks for the host protons Method 2 , 6 A solution of 106 mg (0 116 mmol) 
of 2 c , 28 8 mg(0 237 mmol) of phenylbonc acid, and 5 mg of p-
toluenesulfonic acid in a mixture of 40 ml of toluene and 10 ml of 
acetonitnle was stirred for 19 hrs Some precipitate was formed which was 
filtered off This precipitate turned out to be unreacted 2 c During 
evaporation of the solvent a viscous product separated from the reaction 
mixture which could be dissolved in CDCI3 Its Ipi-NMR spectrum showed 
multiple broad peaks for the host protons 
Compound 2b with T1CI4 To 77 mg (0 097 mmol) of 2b in 10 ml ot 
CH2CI2 was added 0 194 mmol of T1CI4 in 0 18 ml of CH2CI2 The resulting 
brown reaction mixture was stirred for two days A precipitate was formed 
which could not be dissolved in organic solvents 
Compound 2a with TiCp2Cl2 M e t h o d 1 To a solution of 123 7 mg 
(0 168 mmol) of 2a in a mixture of 40 ml of CH2CI2 and 2 ml of Et3N was 
added 109 mg (0 438 mmol) of ТіСр2СІ2 in 40 ml of CH2CI2 The reaction 
mixture was stirred for 3 days The precipitate that had been formed, was 
filtered off and washed with toluene The product could not be dissolved in 
organic solvents Method 2 To a solution of 78 9 (0 107 mmol) of 2a in a 
mixture of 30 ml of CH2CI2 and 30 ml of CH3CN was added 53 3 (0 214 
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mmol) of ТіСр2СІ2 m 5 ml of Et3N The reaction mixture was stirred for 64 
hrs During this period a color change from red to yellow was observed The 
white precipitate that was formed, turned out to be insoluble in organic 
solvents 
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Samenvatt ing 
Het doel van het onderzoek beschreven in dit proefschrift is het 
ontwikkelen van enantioselectieve supramoleculaire katalysatoren. 
Hiertoe werden receptormoleculen gesynthetiseerd van het type 1 die 
zijn gefunctionaliseerd met chirale aza-kroonetherringen (R is een 
chirale groep). Moleculen 1 bevatten een holte waarin aromatische 
verbindingen kunnen worden gebonden die één of meerdere 
hydroxysubstituenten bezitten. 
2R,= Br, R2=OMe 
3 R , = H, R 2 = 0 - S - O H , (s=spacer). 
De receptor verbindingen werden getest als katalysator voor reacties 
waarbij een binding tussen twee moleculen wordt gevormd en waarvan 
bekend is dat ze door tertiäre amines worden versneld. Om beter 
gedefinieerde receptor-reactant-interacties te verkrijgen, zijn 
verbindingen 1 gebruikt die een hydroxylfunctie in hun R groep 
bezitten. Deze receptoren zijn potentiële b/functionele katalysatoren 
voor de volgende omzettingen: (1) de michaeladditie van p-
hydroxythiofenol met 2-cylohexeen-l-on, (2) de hydrocyanering van 
aromatische aldehyden en (3) de baylis-hillmanreactie. Receptoren 1 
bleken de eerste twee reacties te kunnen katalyseren maar de gevonden 
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enantioselectiviteiten waren laag (0-10 %) Voor de derde reactie werd 
gevonden dat de meeste receptoren geen katalytische activiteit 
vertoonden 
Om inzicht te krijgen in de oorzaken van de lage enantioselectiviteit 
werden aan reactie (1) meer gedetailleerde experimenten uitgevoerd 
Het bleek dat de aanwezigheid van een hydroxylfunctie leidt tot een 
afname van de katalytische activiteit Om de reden hiervoor op te 
sporen, werd een uitgebreid onderzoek naar de conformane van 
receptoren 1 verricht De hydroxylfuncties van de meeste verbindingen 
bleken, zowel in oplossing als in de vaste fase, intramoleculaire H-
bruggen Ie vormen aan de convexe zijde van de receptoren Dit betekent 
dat de chirale groep R is weggedraaid van de bindingsplaats Als een 
gast in de holte wordt gecomplexeerd die in staat is om als 
waterstofbrugacceptor te fungeren dan treedt zowel H-brugvorming aan 
de convexe als aan de concave zijde van de receptor op Uit NMR-studies 
bleek dat intra-moleculaire H-bruggen een twist in de kroonethernngen 
van 1 introduceren 
Een tweede type chiraal molecuul dat werd ontwikkeld is clip 2 e η 
derivaten daarvan Het racemaat van deze verbinding werd gescheiden 
in enantiomeren met behulp van een chirale kolom Clip 2 is een 
veelbelovend chiraal shift-reagens, zoals bleek uit voorlopige 
complexenngss tudies met chirale gasten Het verschil in de 
complexenngsconstanten tussen de diastereomere complexen was 
echter gering Wanneer 2 w o r d t g e f u n c t i o n a h s e e r d met 
k r o o n e t h e r n n g e n , treedt een opmerkeli jk verschil op in de 
bindingsstoichiometrie voor kaliumionen vergeleken met een niet-
gebromeerd analogon In tegenstelling tot de laatst genoemde 
verbinding, die kaliumionen bindt met een 1 1 stochiometne, bindt de 
gebromeerde bis-kroonethergastheer kal iumionen met een 1 2 
(gastheer-gast) stochiometne 
In het laatste hoofdstuk van dit proefschrift worden pogingen 
beschreven om receptormoleculen te synthetiseren die twee goed 
gedefinieerde lewiszure bindingsplaatsen bevatten Hiertoe werden drie 
derivativen van 2 gesynthetiseerd die zijn uitgerust met vier staarten 
die elk een hydroxylfunctie bevatten (zie 3) Condensatiereacties van 
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deze verbindingen met lewiszuren resulteerde in mengsels van 
producten danwei onoplosbare producten 
Summary 
The aim of the research described in this thesis was the development 
of enantioselective supramolecular catalysts To this end a series of 
receptors 1, functionahzed with chiral aza-crown ether rings was 
synthesized (R= chiral group) These host molecules contain a cavity in 
which hydroxy substituted aromatic guests can be bound 
2R 1 = Br, R2=OMe 
3 R1= H, R2=0-s-OH, (s=spacer) 
Compounds 1 were tested as catalysts for three reactions which are 
catalyzed by tertiary amines and which involve a reactant that is bound 
in the cavity of 1 For these reactions one of the reactants bears a 
hydroxyaromatic moiety To obtain better receptor-reactant interaction, 
receptors containing a hydroxy function in their R groups were used 
This made them potentially interesting catalysts for the following 
reactions ( 0 the Michael addition of p-hydroxythiophenol to 2-
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cylohexen-1-one, (л) the hydrocyanation of aromatic aldehydes, and (ui) 
the Bayhs-Hillman reaction The receptors were found to catalyze the 
two former reactions, but the е е values were low (г e 0-10 %) For the 
latter reaction most of the receptors were found to be catalytically 
inactive 
Detailed experiments were performed on reaction (/) to find the reason 
for the low e e values It was shown that the incorporation of a hydroxy 
function led to a decrease in catalytic activity This was in contrast to 
non-macrocyclic catalysts To elucidate the reason for this a detailed 
study of the conformations of receptors 1 was performed The hydroxy 
functions of most receptors appeared to be involved in intra-molecular 
hydrogen bonding at the convex side of the host molecules This was 
found both in solution and in the solid state A consequence of this is 
that the chiral function is rotated away from the concave side of the 
receptor and not involved in the catalytic reaction The intramolecular 
hydrogen bonds were found to enforce a twist in the crown ether rings 
of the receptors 
A second type of chiral molecule, clip 2 and its derivatives, was 
developed The racemate of 2 was resolved on a chiral column 
Molecules of type 2 are promising chiral shift reagents, as was shown in 
preliminary complexation studies with chiral guests The difference 
between the complexation constants of the diastereomeric complexes, 
however, was low Derivatives of 2 which are equipped with crown 
ether rings showed a remarkable difference in binding stoichoimetry for 
potassium ions when compared with their non-brominated analogues 
The latter bind potassium in a 1 1 stochiometry, whereas the 
brominated bis-crown host exhibited a 1 2 (host-guest) stochiometry 
The last chapter of this thesis reports attempts to synthesize host 
molecules incorporating two well-defined Lewis acid sites To this end 
three derivatives of 2 containing four spacers equipped with hydroxy 
functions were synthesized Condensation reactions of these compounds 
with Lewis acids resulted in mixtures of products or insoluble products 
137 
Curriculum Vitae 
Ruud Schuurman werd geboren op 11 juni 1962 te Harderwijk Na het 
eindexamen atheneum-ß met goed gevolg te hebben afgelegd in 1980 aan 
het Florens Radewijns College in Raalte, werd een aanvang gemaakt met de 
scheikundestudie aan de Rijksuniversiteit van Utrecht Het kandidaats-
examen werd afgelegd in 1984 Het doctoraal examen werd in 1987 afgelegd 
met als hoofdvak Fysisch Organische chemie (Prof W Drenth) en als bijvak 
Economie In dat zelfde jaar werd hij aangesteld als Assistent in Opleiding bij 
de vakgroep Organische Chemie aan Katholieke Universiteit Nijmegen Daar 
werd, onder leiding van Prof R J M Nolte en Dr J W Scheeren het onderzoek 
dat wordt beschreven in dit proefschrift uitgevoerd Momenteel is de 
schrijver van dit proefschrift werkzaam als Post-doc in de groep van Prof R 
Ungaro aan de Universiteit van Parma 





